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CHAPTER 1
Introduction
Transportation is considered to be responsible for 23% of the worldwide CO2 emissions 
[1]. Reductions of these emissions are needed, but have proved difficult to achieve 
in this sector. Diesel engines are more efficient than gasoline engines. Thus, with 
respect to CO2 emissions, it is interesting that during the last decade, diesel-powered 
passenger cars have become increasingly popular in Europe [2 , 3]. At least part of 
the reason is that the driving comfort of diesel cars has become comparable to that 
of gasoline powered cars, nowadays [2 ]. Also in the United States, diesel-powered 
passenger cars have recently gained a larger market share.
Unfortunately, the emission of NO^ and soot is considerably higher with diesel 
engines. NO^ is a main contributor to the formation of acid rain and smog, while 
soot particles have adverse health effects since they badly affect the cardiovascular 
system. The emission of PM10 (particulate m atter with a particle radius smaller than
10 ¡im) and of NO^ in The Netherlands are plotted in Fig. 1.1. Vehicles propulsed by 
a heavy-duty (HD) diesel engine are responsible for around 50% of the NO^ emissions 
and 20% of the PM10 emissions [4]. In contrast to the NO^ emissions by diesel- 
powered vehicles, the NO^ emission for other road traffic has been strongly cut, owing 
to the introduction of the NO^ catalyst for gasoline-powered vehicles. The total PM10 
emissions by diesel road traffic show a decrease by around a factor of two between 
1990 and 2007. The reduction in PM10 emission per kilometer is even a factor of
1.7 larger, since the aggregate mileage covered by diesel-powered vehicles went up 
by this number in the same period. Yet, this reduction does not imply that human 
health concerns over diesel road traffic with respect to particulate m atter emission, 
have reduced as well. The emitted particles have decreased not so much in number 
but in size, typically to between 10 and 200 nm in diameter [5], mainly as a result 
of the introduction of the common-rail injector system. In fact, the majority of the 
small (ultrafine) particulates originates from diesel-powered vehicles, nowadays [6 ]. 
Especially the smaller particulates are more hazardous since they can be entrained 
deeply into the lungs by inhalation and are likely more damaging to the cardiovascular 
system than the larger particles [7, 8 ]. A serious health hazard as a result of traffic 
related airborne particulate m atter with a diameter smaller than 2.5 ¡im, rather than
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Figure 1.1: The PM10 and NO^ emissions of diesel-powered vehicles compared to other 
sources related to human activities [4].
a diameter between 2.5 and 10 ¡im, has been reported [9-13]. One particle of 10 ¡im 
in diameter has approximately the same mass as one million particles of 1 0 0  nm 
in diameter, but it is clearly much less hazardous, as it probably never will enter 
the human body. Thus, it is becoming increasingly clear that the legislative limits 
for engines, which are stated in terms of emitted mass, are not based on a proper 
measure of health hazard.
Emission reduction of both NO^ and soot, while maintaining engine efficiency, 
has proved to be extremely difficult. Measures that counteract the emission of soot 
generally promote the emission of NO^, and vice versa. Although not all global 
parameters governing the formation and oxidation of soot [14] and the formation 
of NO;u [15] are fully understood, an important reason behind this so-called ‘diesel 
dilemma’ is that both soot oxidation and NO formation are relatively slow processes 
that are enhanced at high temperatures. Another reason is probably the cooling effect 
of soot luminosity [15, 16]. The flame temperature can be lowered by around 150 K 
by radiation lossesa, thereby drastically reducing the (thermal) NO formation. Some 
options to circumvent this ‘law of conservation of misery’ are discussed in section 1 .2 .
So far, emissions reductions have mainly been realised by a process of trial and 
error in industry. For further optimisation, a better understanding of the combustion
aUp to 10% of the heat released can be lost via radiation [17, 18].
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processes within the cylinder is indispensable. Non-intrusive light-based techniques 
like laser diagnostics and the detection of naturally emitted light from the engine, 
by which combustion can be visualised in-situ, are required for a better insight into 
the relevant processes. Especially the interplay between (preferably quantitative) 
measurements and numerical simulations is essential to test and improve combustion 
models. The interplay is addressed in this thesis in the comparison of laser-induced 
fluorescence measurements on CH2O and OH, and results from numerical simulations. 
These two species hadn’t been measured before in a realistic optical diesel HD engine. 
In addition, in-cylinder soot formation has been studied for a variety of alternative 
fuels, to nail down processes governing soot formation. We are not aware of any other 
study in an optical HD diesel engine to test fuels over such a wide range of ignition 
quality. Some of the fuels hadn’t been measured before at all in an optically accessible 
combustion environment, while on other fuels, there is only little, if any, literature 
around on measurements in a realistic optical HD diesel engine. The thesis is further 
outlined in Section 1.5. First, this chapter presents some basics on combustion engines, 
approaches to reduce NO^ and soot emissions, and a conceptual model of diesel spray 
combustion.
1.1 P rincip les o f internal com bustion  engines
The first four stroke internalb combustion engine was developed by Nicolaus Otto 
in 1876. This engine formed the basis of today’s otto, petrol or gasoline engine. 
During the intake stroke, a mixture of fresh air and fuel at a fixed fuel to air ratio 
(such that just enough air is available to give complete combustion) is inducted into 
the cylinder. The amount of the mixture that makes it into the cylinder, and thus 
the power output of the engine, is regulated by a throttle. During the compression 
stroke, the mixture is compressed and, near the end of the stroke, it is ignited by 
a spark. This spark is the reason for the common practice to call an otto engine 
a spark-ignition (SI) engine. A flame front spreads away from the spark and the 
rising pressure accelerates the piston downward. The thermal efficiency of the process 
increases with the compression ratio, i.e. the ratio of the cylinder volumes when the 
piston is in its lowest and highest position. This compression ratio, however, has an 
upper limit determined by the occurrence of so-called knock. This is uncontrolled 
combustion of the fuel/air mixture ahead of the propagating flame front, driven by 
the rising temperature and pressure. Pressure waves develop, collide with the cylinder 
wall and cause noise and possibly engine damage. The ideal petrol fuel should have a 
high resistance to auto-ignition.
Rudolf Diesel realised that for a high thermal efficiency, a high compression ratio 
was needed. He came up with the idea to inject pure fuel into the cylinder towards 
the end of the compression. This fuel would then vaporise and auto-ignition would 
then be induced by the high temperature and pressure in the cylinder, thus avoiding a 
premixed mixture that might auto-ignite (end-gas knock). Diesel introduced his high
bIn an internal combustion engine, the combustion takes place inside the work producing part of 
the engine. For example in otto and diesel engines, the combusting gases directly drive the piston. 
This as opposed to an external combustion engine like a steam engine, in which the water, heated 
externally, drives the mechanical parts.
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Figure 1.2: Schematic representation of a four-stroke diesel engine, adapted from the 
thesis of K. Verbiezen [19], with permission. (a) inlet stroke. Fresh air is inducted into the 
cylinder; (b) compression stroke. Gas is compressed to high pressure and high temperature; 
(c) combustion stroke. Fuel is injected and the sprays auto-ignite; (d) exhaust stroke. The 
burned gases are pressed to the exhaust.
compression ratio engine in 1897, and indeed, it was markedly more efficient than the 
otto engine. The engine, named after its inventor, is also referred to as compression- 
ignition (CI) engine. Diesel fuel consists of larger hydrocarbons that auto-ignite easier 
than petrol fuel. The auto-ignition quality of a diesel fuel is indicated by the cetane 
number (CN). A CN of 0 means very poor auto-ignition, whereas a CN of 100 means 
excellent auto-ignition. A diesel engine is more efficient for the following two reasons. 
In a diesel engine, a higher compression ratio can be realised, such that the engine 
is thermodynamically more efficient, i.e. the combusted gas can do more work on the 
piston. Second, a diesel engine does not use a throttle, so throttle-induced pumping 
losses at part-load are avoided.
A schematic picture of a diesel engine and its four strokes is given in Fig. 1.2. 
The unit of time is degree crank angle (°CA) and one full rotation of the crankshaft 
corresponds to 360 °CA. The origin is usually taken where the piston is up at the 
start of the combustion stroke, called Top-Dead-Centre (TDC). The piston position 
is then expressed as °aTDC (after TDC). When the piston is down (180° aTDC), it 
is said to be at Bottom-Dead-Centre (BDC).
1.2 R eduction  o f N O x and soot em issions
Increasingly stringent legislated targets on efficiency and emissions drive research 
on cutting soot and NO^ emissions from internal combustion engines. Lately, also 
regulations on the CO2 emissions from passenger cars have been adopted [20]. The 
regulations will be an incentive to car manufacturers to reduce the CO2 emissions 
of their vehicles by imposing financial penalties if their average fleet emission levels
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are above the limit. Next to these regulations for car manufacturers, the use of 
(second-generation) biodiesels is an option to reduce the effective CO2 emissions from 
vehicles. It is often left unmentioned, however, that the use of biodiesels does not 
imply zero CO2 emissions, since the harvesting, processing and transportation of 
these fuels require energy. Numbers on well-to-wheel emissions of CO2 are variable 
[2 1 ], but through the use of biodiesels, emission reductions typically lie in the range 
between 50 and 80%. Thus, currently available biodiesels may still induce a substantial 
reduction of CO2 emissions. Although some biodiesels have been investigated in the 
work described in this thesis, the topic of possible CO2 reduction is not addressed 
here.
Generally, there are two approaches to reduce NOx and soot emissions. One is the 
use of filters that remove the pollutants from the exhaust gas. This ‘aftertreatment 
approach’ is not covered here. Another approach is pursuing to reduce the amount 
of pollutants that reach the exhaust, mainly by preventing them from being formed, 
and in the case of soot, also by enhancing oxidation. A strongly reduced emission of 
NOx and soot would take away the need for production-cost increasing and efficiency 
reducing filters. As a route to meeting the emission targets set by legislation, con­
ventional engine design approaches that rely on prototype development via trial and 
error are very time-consuming and expensive [22]. Therefore, combustion research has 
gained momentum during the last decades, ranging from chemical model validation in 
shock tubes and stable laminar flames, via a study of the interaction between chem­
istry and physics in turbulent flames to research on single sprays in high-pressure 
high-temperature cells and ultimately optical diesel engines. Computational fluid 
dynamics (CFD) simulations tailored to engines can significantly shorten the devel­
opment time for future engines. In the development of CFD software packages, much 
effort is spent to restrict the computation time of simulations. This computation time 
can easily rise to unacceptable length, since diesel spray combustion is a very com­
plicated multi-phase process. Especially the interplay between chemistry and physics 
makes diesel spray combustion computations very demanding and necessitates CFD 
simulations that include (simplified) models. These models underlying the simulations 
need to be guided and verified by experiments0.
A multi-dimensional engine combustion model generally consists of a set of sub­
models, of which those for turbulence, combustion and spray dynamics are the more 
important [23]. The predictive capability of the engine combustion models is limited 
by many factors, including the accuracy of their submodels. The engine combus­
tion models are usually validated against global engine performance data like cylinder 
pressure, rate of heat release, and exhaust gas composition. Agreement (usually only 
over a limited range of engine settings) does not necessarily mean, however, that the 
in-cylinder processes are modeled correctly. To obtain a more profound understand­
ing of the combustion processes, local data like in-cylinder species concentrations and 
temperatures should be checked against results from diagnostic experiments.
Three ways of tailoring the combustion process to low emissions formation are 
addressed here. First, conventional diesel combustion can be optimised. Second, the 
new combustion concepts HCCI and PCCI can be implemented and third, alternative 
fuels can be used. These three ways are not mutually exclusive. The alternative
cVice versa, these models can complement experimental data to yield a deeper understanding of 
the processes underlying the experimental observations.
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fuels could be used in both combustion concepts and HCCI/PCCI engines might 
have to switch back to conventional diesel combustion operation at high loads. The 
interplay between simulations and in-cylinder diagnostics has proved invaluable in the 
investigation of the three approaches, which are addressed in more detail below.
1.2.1 O ptim isation  o f com bustion  process in a conventional 
diesel engine
During the last decade, the NOx and soot emissions from diesel engines have decreased 
significantly, mainly due to the introduction of higher injection pressures, turbocharg­
ing, and cooled exhaust-gas recirculation (EGR). Even though the new combustion 
concepts HCCI and PCCI might outperform the conventional diesel engine in NOx 
and soot formation, it is questionable whether these new concepts can ever be applied 
at high loads. Therefore, it might be necessary to switch back to conventional diesel 
combustion at higher loads and optimisation of the combustion process, guided by a 
better understanding, is required.
More than a decade ago, J. E. Dec developed a conceptual model for combustion 
in a burning conventional diesel spray [24]. The development was guided by a wide 
variety of mainly laser-based measurements [25-29] in an optically accessible diesel 
engine. The measurements include measurements on chemiluminescent species at the 
onset of combustion, OH, PAH, soot, and liquid and vapour fuel distributions. NO 
and chemiluminescence measurements supported this model later on [30, 31]. The 
model is of help in interpreting new measurements and it guides the development of 
computational models. Since this model is so widely referred to in literature, this 
thesis being no exception, it is addressed in more detail in Sec. 1.4. Of course, much 
more research has contributed to a better understanding of diesel combustion and 
nailing down sources of increased emissions. This thesis, however, is in no way meant 
to be complete in terms of a literature overview on relevant optical-diagnostic studies 
on diesel combustion. A few contributions will be briefly referred to in Sec. 1.4.
1.2.2 HCCI and PC C I
Figure 1.3 shows a temperature-equivalence ratiod diagram, reprinted from [32]. The 
combustion zones where soot and NOx are formed, are indicated by contour plots. 
NOx is predominantly formed under high temperatures and around stoichiometric 
conditions, like in a diffusion flame. Soot formation typically occurs at equivalence 
ratio’s (0) between 2 and 4. Assuming adiabatic combustion, Fig. 1.3 shows that 
for the equivalence ratio’s typically occurring during conventional diesel combustion, 
both soot and NOx will be formed. An interesting combustion concept, in which spray 
conditions are avoided and the high efficiency of a diesel engine is combined with the 
low soot production of a petrol engine, is the homogeneous charge compression ignition 
(HCCI) concept. A long ignition delay and a corresponding high degree of mixing of 
air and fuel is realised by injecting the fuel early in the stroke, when pressure and 
temperature are still too low to promote combustion. In the homogenous fuel-lean or
dThe equivalence ratio is a measure of the ratio of air and fuel. When there is an excess of air 
(i.e. oxygen), it is smaller than one, if there is not enough oxygen available to combust all fuel, it is 
larger than one.
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Figure 1.3: A temperature-equivalence ratio diagram, showing the combustion zones where 
soot and NOx is formed (from Ref. [33]), both for conventional CI diesel combustion and new 
combustion concepts, following the approach suggested by Akihama et al. [34]; soot and NO 
formed in a homogeneous reactor after 1 .0  ms as a function of temperature and equivalence 
ratio. LTC is defined here as conventional CI combustion with very high amounts of EGR.
near-stoichiometric mixture, no soot is formed and the low combustion temperature 
obtained by applying sufficient levels of exhaust-gas recirculation (EGR) or by running 
fuel lean suppresses NOx formation. In a perfectly homogeneous mixture, all the fuel 
ignites simultaneously. In practice, however, small inhomogeneities in equivalence 
ratio and temperature spread out the combustion in time to some extent.
One of the main problems with HCCI is that the start of ignition is decoupled 
from the injection event and thus governed by chemical kinetics, making the ignition 
timing hard to control [32]. For gasoline-like fuels, a controlled auto-ignition can 
be achieved, although at higher loads it gets increasingly difficult to maintain the 
combustion phasing between the knocking and misfire limits. Therefore, a practical 
HCCI engine must likely be able to switch to conventional operation at high load.
For diesel-like fuels, it is complicated to prevent uncontrolled early ignition be­
cause the high reactivity provokes an overly advanced combustion. Besides, the low 
volatility of diesel makes it hard to prevent wall-wetting, i.e. part of the injected liq­
uid fuel impinges on the cylinder wall. Because of these problems with diesel fuel, a 
second approach can be chosen, where the fuel is injected closer to top-dead center 
(TDC), either applying an early or a late injection (with respect to regular diesel 
spray combustion). Then, if injection is not too early, the combustion timing is cou­
pled to the injection event and wall-wetting is circumvented because of the reduced 
spray penetration and faster vaporisation at high pressure and temperature. In this 
approach, termed premixed charge compression ignition (PCCI), various techniques 
are applied to obtain sufficient premixing with cooled-EGR diluted in-cylinder air, so 
that combustion temperature and equivalence ratio combinations that lead to soot 
and/or NOx formation are avoided. A prerequisite seems to be that the injection has 
ended before the combustion starts, to avoid soot formation during a diffusion burn 
period. A larger ignition dwell, i.e. a larger time between the end of injection and
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ignition basically means more mixing prior to ignition and HCCI can be regarded as 
a limiting case of (early-injection) PCCI. In fact, HCCI combustion is a subregime of 
PCCI combustion. Cooled EGR needs to be applied to keep temperatures low and 
thus prevent NOx formation. In addition to keeping temperatures low, EGR extends 
the ignition delay. Additional measures to increase the ignition delay are late intake 
valve closing and reduced compression ratio, although the latter adversely affects fuel 
efficiency. Blending diesel with fuels with a low auto-ignition quality (low cetane num­
ber) might be another approach to extending the time available for mixing before the 
combustion starts. Anisole is probably a good candidate, as will be shown in Chapter 
7. Applying EGR, the ignition delay is increased to such an extent that even high 
load might be attainable with anisole. With the PCCI approach, it remains a chal­
lenge though to avoid increased CO and hydrocarbon emissions, caused by lean areas 
where complete combustion is hampered. Besides, with high levels of EGR, there 
is a high danger of a dramatically rising brake-specific fuel consumption because at 
many spots in the cylinder, the combustion might not undergo the transition into 
second stage combustion. If one manages to reach a higher load with large ignition 
delay conditions, care has to be taken to avoid knocking by applying a well controlled 
charge and thermal stratification [35].
1.2.3 A lternative (bio)fuels
Literature contains a lot of information on the NOx and soot emissions of a wide 
variety of biodiesels. The reason is that the use of biodiesels is an interesting option 
to cut CO2 emissions and reduce the dependence on politically instable oil-producing 
countries. Biodiesels, containing typically 10% oxygen by weight, generally reduce 
soot formation and likewise emissions relative to fossil diesel fuel. The NOx emissions 
are generally a few percent higher than with fossil diesel fuel, however. Both NOx 
and soot emissions are discussed below.
Soot
It is well known that fuels having a large ignition delay or incorporated oxygen are 
favourable to reduced soot emissions. First, the ignition delay is addressed. It was 
generally believed that the long premixed burn with these fuels accounted for the 
low soot emission. Lately, however, it has become apparent that fuels with a long 
ignition delay are likely to have a long flame lift-off length (FLoL, see Section 1.4 for 
more information on the FLoL), enabling more entrainment of air upstream of the 
flame during the mixing-controlled burn. For example, Pickett et al. [36] show that 
fuels with a long ignition delay and an accordingly large FLoL, show a lower soot 
production during the mixing-controlled burn. Also this thesis gives an example of 
the connection between ignition delay and FLoL; it is suggested that the low sooting 
behaviour of cyclohexanone is linked to its large FLoL.
It must be mentioned, however, that a long ignition delay does not unequivocally 
cause low soot emissions. Boot et al. [37] argue in their review article that whether or 
not low soot emissions are achieved with fuels showing a long ignition delay, depends 
on how this long ignition delay is realised. When a large aromatic content is the 
reason behind the extended ignition delay, soot emissions are observed to increase
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with ignition delay.
Over the past two decades, a large number of studies have demonstrated that 
blending oxygenated hydrocarbons into regular diesel fuel can be a very effective route 
to PM reduction. Tree and Svensson [14] show in their review study that combustion 
of fuels containing around 30 to 40% O by weight hardly causes any PM emission6. 
The beneficial impact of fuel oxygen on particulate emissions is often credited to en­
hanced ‘trapping’ or sequestering of fuel carbon into non-sooting species, leading to 
fewer carbon atoms available being soot precursors (e.g. ethylene, acetylene). Still, 
a general trend notwithstanding, it can be concluded from the differences between 
fuels containing an equal amount of oxygen that the fuel oxygen content alone can­
not account for the observed reduction in PM. For example, TPGME was shown to 
outperform DBM [40, 41] and also in this thesis, a blend of cyclohexanone is shown 
to perform better than other blends with the same oxygen content. In these cases, 
it is likely that the oxygenate molecular structure also plays a role. By investigating 
what molecular structure performs well in soot emissions reduction, insight into the 
‘ideal recipe’ for a low sooting diesel fuel is hopefully obtained.
N O x
Although soot emissions decrease strongly with the introduction of fuel oxygen, NOx 
emissions typically increase by a few percent by the use of oxygenates, if fuels with only 
small variations in ignition delay are compared. There is no agreement in literature 
on the cause of this increase [42], however. The actual flame temperature is suggested 
by Cheng et al. [16] to be higher for biodiesels, even though there is no consensus 
on whether or not the adiabatic flame temperature is higher for biodiesels than for 
regular diesel. The higher actual flame temperature would be caused by the lower 
heat loss by radiating soot.
When the range of ignition delays is large, the differences in NOx emissions are 
larger than the differences observed between fuels with a comparable ignition delay. 
Generally, the larger the ignition delay, the higher are the NOx emissions.
C om bination  fuel oxygen and  E G R
Applying EGR seems the only practically viable option to reduce in-cylinder NOx 
formation since EGR reduces the flame temperature significantly, and consequently 
the thermal NO formation as well. The use of EGR combined with early or late 
injection timing to create a large ignition delay could work to reduce soot emissions 
along with NOx emissions. Then, one is again in the PCCI regime. For increased 
load, when there is overlap between injection and combustion, one could apply really 
high EGR rates, to reduce the extent of the overlap and to reduce soot formation 
due to the low combustion temperature [2, 34, 43]. With these high EGR rates, 
however, the engine parameters have to be closely monitored and tuned to prevent 
combustion instabilities and a dramatic rise in fuel consumption. At lower EGR
eThe size distribution of the emitted soot is much less reported in literature. Although there is 
no consensus among different studies, the majority of papers report that biofuels emit more small 
particulates than fossil diesel fuel [5, 38, 39]. Since small particulates have more adverse health 
consequences, their finding suggests that the topic of size distribution with biodiesels needs more 
attention.
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rates, the increased soot production (and likewise emissions) could be counteracted 
by the use of oxygenated fuels [44, 45]. Boot et al. [46] showed that for a blend 
of cyclohexanone with diesel (containing 9% O by weight), exhaust soot does not 
increase upon applying EGR. In this thesis, it is shown that a blend of anisole and 
synthetic diesel (containing 9% O by weight) works well to keep soot emissions low 
when applying EGR, even at moderate load, due to the significantly extended ignition 
delay.
1.3 n -H eptane as a surrogate fuel
In this thesis, LIF measurements have been performed using either n-heptane or diesel 
as a fuel. n-Heptane is used as a surrogate for diesel. A surrogate is a simpler 
representation of a real fuel and is comprised of a small number of species (in this 
case only one) of known concentrations that exhibit combustion characteristics similar 
to those of the real fuel.
Diesel consists of hundreds of components (varying from batch to batch), including 
normal- and iso-paraffins, cycloparaffins, and aromatics [22]. Therefore, in numerical 
simulations, it is virtually impossible to incorporate the full chemistry of diesel fuel 
in the models, and a surrogate that optimally mimics the chemical and physical be­
haviour of diesel needs to be chosen. Ideally, the surrogate matches a broad range of 
characteristics like ignition behaviour, vaporisation, combustion efficiency and pollu­
tant formation. Consequently, a suitable surrogate would be a blend of a number of 
single component fuels.
In modelling diesel ignition, the gasoline-range (with respect to number of carbon 
atoms) molecule n-heptane is frequently used, having a cetane number that is at the 
higher end of the range found for conventional dieself. This was also the approach in 
this thesis. The merit of using n-heptane for engine applications is that it is one of the 
few hydrocarbons of which the chemical-kinetic behaviour has been thoroughly inves­
tigated under a wide range of temperatures and pressures. Also, reduced mechanisms 
that are computationally tractable are available, a prerequisite if the chemical kinetics 
need to be combined with the physics. When, like in a diesel spray, mixing-controlled 
processes are important in the ignition, n-heptane is less ideal since it exhibits a 
higher volatility than regular diesel fuel. Therefore, CFD simulations that incorpo­
rate n-heptane chemical kinetics typically utilize the physical properties of real diesel 
(or that of a few large hydrocarbons) to provide realistic injection, spray break-up 
and evaporation behaviour.
From the experimental point of view, it is shown in this thesis that the use of 
n-heptane has clear advantages over diesel. First, the broad-band fluorescence back­
ground that makes a meaningful interpretation of 2D measurements (i.e. no spectral 
characterization) virtually impossible, is greatly reduced, especially when studying 
formaldehyde. The low non-resonant background with n-heptane permits (although 
with care) an interpretation of the 2D fluorescence images. Second, diesel reduces 
the fluorescence signal significantly, both by a combination of attenuation of the laser 
sheet and fluorescence trapping [47], and by severe window fouling. Both effects are
fIndeed, for conventional injection settings, n-heptane and diesel show a similar rate of heat 
release, see Fig. 4.2
1.4. A conceptual model of diesel combustion 11
350 K 825 K ~1600K ~2700 K
scale (mm)
liquid fuel
vapour-fuel/air mixture 
fuel-rich premixed flame 
initial soot formation
I I diffusion flame (OH*)
a  soot oxidation zone
!■!■!■!■! thermal NO production zone
■  soot concentration 
low high
Figure 1.4: The quasi-steady state combustion phase according to the conceptual model 
by Dec and extended by Flynn et al., schematically represented. Reprinted with permission 
from SAE 970873, SAE International.
significantly reduced if n-heptane is used as a fuel.
1.4 A  conceptual m odel o f d iesel com bustion
The conceptual model, published by Dec [24] in 1997 and extended two years later by 
Flynn et al. [48] by a kinetic modelling study checked against some experimental data, 
describes diesel combustion as a two-stage process. The quasi-steady combustion 
phase as proposed by the model is illustrated in Fig. 1.4. The fuel-rich fuel/air 
mixture first undergoes partial oxidation in the centre of a spray, until all oxygen 
has been consumed. Then, the rich partly combusted mixture is further oxidised 
in a diffusion flame at the outer edge of the spray, where the mixture meets with 
air. The general features of the diesel spray as described by the model have not 
been disproved up to now, although some researchers [49, 50] proposed their own 
model, largely in agreement with the model of Dec, however. Also these models 
adhere to a two-stage combustion picture. Differences observed were attributed to 
differences in fuel and other experimental conditions. Our measurements do also 
underline the two-stage character of diesel spray combustion. The consecutive events 
of the combustion according to the model are described below. It is a conceptual model 
of how diesel combustion proceeds in the absence of swirl or wall interactions. Due to 
turbulence, the spray will appear more ragged than depicted in Fig. 1.4. Shortly after 
the combustion has started, a quasi-steady combustion phase is established in which 
the general features of the jet are preserved, although the jet grows as it penetrates 
across the cylinder.
As fuel is injected, the liquid fuel spray atomises into small droplets, and hot air 
is entrained, causing the fuel to vaporise. At some distance from the injector, the air 
entrainment has been sufficient to vaporise all fuel (liquid length), but the evapora­
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Figure 1.5: The different stages of combustion according to the conceptual model of Dec, 
for the experimental RoHR from Fig. 3.1. The gray band indicates the fuel injection period.
tion begins already much closer to the injector, leading to an increasing amount of 
vapour more downstream and radially outward. The gas phase continues to penetrate 
beyond the liquid length and the leading portion typically exhibits an equivalence 
ratio between 2 and 4.
As the fuel vapour progresses downstream, auto-ignition occurs in the downstream 
portion of the jet, indicated by a weak chemiluminescence signal. Up to roughly one 
degree crank angle after the start of the chemiluminescence, only a small amount of 
heat is released, hardly visible in the rate of heat release (RoHR) curve, a typical 
example of which is shown in Fig. 1.5. Fuel breaks down and aldehydes are formed. 
Next, the leading portion of the jet becomes highly chemiluminescent and the RoHR 
curve starts to rise rapidly. Because fuel has accumulated without combusting for a 
few crank angle degrees, a lot of energy is released at once. The so-called premixed 
combustion phase has started, as indicated in Fig. 1.5 by the sharp peak. When all 
oxygen in the premixed zone has been depleted, the mixture consists mainly of CO, 
H2O, and fuel fragments like C2H2 , C2H4 and C3H3 that are typical building blocks 
for PAH structures that lead to soot formation. Large PAHs form almost uniformly 
across the entire cross section of the leading portion of the jet. The temperature rises 
to typically 1600 K when these reaction products are formed. Small soot particles are 
formed downstream of the first PAH, since soot formation out of PAHs takes time. 
New fuel keeps being injected and the reaction products are pushed aside towards 
fresh (oxygen-containing) air. Next, around the RoHR peak of the premixed-burn 
period, a diffusion flame begins to form around the je t’s periphery, where air and 
the oxygen-depleted mixture meet and burn at an equivalence ratio of around one. 
Temperatures in the diffusion flame reach up to 2700 K. This diffusion flame heats 
up the interior of the spray, causing the liquid length to decrease by a few mm. The 
soot particles keep on growing until they reach the diffusion flame, where the soot is 
oxidised. The widely available nitrogen and oxygen, and the high temperatures at the
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outer edge of the diffusion flame provide ideal conditions for thermal NO formation.
At the end of the premixed-burn period, the combustion proceeds primarily mixing 
controlled. Therefore, it is called the mixing-controlled burn. It is the period during 
the mixing-controlled burn when fuel is injected, i.e. when spray conditions hold, 
where the schematic picture of diesel combustion as depicted in Fig. 1.4 applies to. 
The jet continues to grow but the general features remain the same, although the soot 
concentration and soot particle size increase. Because of the rise in temperature and 
pressure, newly injected fuel readily ignites in the core of the jet, releasing 10 to 15% 
of its energy, until all entrained oxygen is depleted. Then, the rest of the energy is 
released at the outer edge, in the diffusion flame. The shortest distance of the diffusion 
flame to the injector (as indicated by OH chemiluminescence, OH*) is called the flame 
lift-off length (FLoL). It has been shown by Tacke et al. [51] that in a lifted, turbulent 
diffusion flame, near stoichiometric combustion occurs at the lift-off length. The high 
temperatures at this condition give rise to a high concentration of OH, which is partly 
electronically excited (indicated as OH*). Because of its abundance and short lifetime, 
OH* can conveniently be used as a marker of the high temperature reactions in which 
it is formed, and as such, of the lift-off length.
The FLoL is strongly related to the entrainment of air in the core of the fuel 
spray, since downstream of the FLoL, the diffusion flame consumes virtually all oxygen 
entraining the spray. Therefore, the larger the FLoL, the more oxygen is available in 
the centre of the spray, downstream of the FLoL, to prevent soot from being formed.
1.5 O utline o f th e  thesis
The work presented in this thesis consists basically of two parts. The first part com­
prises laser-induced fluorescence measurements of formaldehyde and OH in a heavy- 
duty direct-injection diesel engine. In Chapter 4, a technique is described that has 
been developed to extract a formaldehyde concentration from the laser-induced fluo­
rescence signal. Much attention is paid to the question whether the LIF signals can be 
interpreted as indicating the presence of CH2O, a question one hardly finds profoundly 
addressed in literature. The experimental results are compared to simulations in order 
to get a better understanding of the chemistry and transport in a combusting diesel 
spray. In Chapter 5, the relation between OH and formaldehyde has been measured 
and compared to simulations.
The second part comprises measurements on soot for a variety of fuels (chapter 6 
and 7). The in-cylinder soot luminosity has been measured, and for some fuels the 
luminosity measurements have been complemented with exhaust soot measurements. 
These measurements have been combined with flame lift-off length measurements to 
investigate the role of the flame lift-off length in soot production.
Chapters 1 and 2 provide some basics the reader might want to know before delving 
into the results presented in the other chapters. Chapter 2 describes the research 
engine used and touches to the light-based diagnostics that have been used in our 
research. Chapter 3 focusses on the extraction of the in-cylinder air temperature, the 
work per cycle, and the rate of heat release from an in-cylinder air pressure curve. A 
summary of the work presented in this thesis is given in chapter 8 . That chapter also 
presents an outlook on the development of in-cylinder diagnostics used in combustion
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research, tailored to engines.
CHAPTER 2
Engine and experimental techniques
This chapter starts with an introduction to the modified optical research engine. The 
focus is on how the former truck engine was modified to allow optical experiments 
in one of its six cylinders. A short description of the optical techniques used in this 
thesis is given in Section 2.2.
2.1 R esearch engine
A four-stroke, six-cylinder, 11.6-litre heavy-duty engine (WS 1160 model series) from 
DAF Trucks (Eindhoven, The Netherlands) was used. The six cylinders are dis­
tributed over two blocks of three cylinders each. The first block is modified for exper­
iments, the second block is in its original configuration and drives the cylinders of the 
first block during the experiments. One of the cylinders in the first block is modified 
to provide optical access, the so-called measurement cylinder. It is equipped with a 
cylinder head according to the design of the combustion chamber of the more modern 
XF 95 engine model. The cylinder head houses a central, eight-hole fuel injector. The 
injector can be rotated about its (vertical) axis. This way, the eight fuel sprays can be 
oriented in different directions. The regular XF 95 model has two exhaust valves per 
cylinder, but for the research version one valve has been replaced by either a 28-mm 
diameter quartz window ( “top window”) or a pressure transducer (AVL QHC32) in 
the top of the cylinder head. See Fig. 2.1 for a cross section of the cylinder and Ta­
ble 2.1 for its dimensions and typical operating conditions. The two inlet-valves in the 
cylinder head were left in place. Three more windows ( “side windows”) of 48x23 mm2 
are placed in the sides of the head, two opposite to each other and one at 90° (access 
through last one has not been used in the work presented in this thesis). The top 
of the side windows is located at the same height as the cylinder head. Finally, a 
large 0  (74 mm diameter and 49 mm thick) window ( “piston window”) is mounted 
in the piston. Instead of maintaining the “omega” shape of the original piston crown, 
the piston window has flat surfaces to prevent image distortion, although it would be 
possible to correct for this [52, 53]. All windows are made of high-purity synthetic
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top window 
side window 
piston window
45° mirror
Figure 2.1: Vertical cut-through of the measurement cylinder. The third side window is 
not visible here. It is located at the front.
fused silica (Suprasil 1, Heraeus Optics) to prevent degradation by the intense UV 
laser radiation. One or two slots (depending on piston crown used), machined in the 
piston crown, allow observation of the combustion chamber through the side windows 
even at TDC. Because of this slot and the flat window surfaces the compression ratio 
is reduced from 16 to 15. This was partly compensated for by increasing the intake air 
pressure so as to maintain a TDC pressure of around 43 bar, although this inevitably 
leads to pressures that are slightly too high later in the stroke, at piston positions when 
the combustion has virtually quenched. The operation conditions of the measurement 
cylinder can be controlled independently from the other cylinders. Furthermore, the 
intake air for the measurement cylinder can be heated and pressurised independently. 
Typical conditions are 40°C and 1.1 bar absolute. The other working cylinders are 
normally aspirated. Before each engine run, the measurement cylinder is warmed up 
to 60°C by heating the cooling water.
No lubricant oil is used inside the measurement cylinder, as it would absorb the 
ultraviolet laser and fluorescence radiation. Besides, lubricants may lead to additional 
soot formation. Rapid overheating of the cylinder is prevented by skip-fired operation, 
with a duty cycle of typically 1:35. Measurement sessions could last typically one hour 
before the engine got unacceptably hot.
In order to be able to mount a 45° mirror below the piston window, the measure­
ment cylinder is built on top of the original cylinder. This concept was introduced by 
Bowditch in 1961 [54]. The original piston was left in place but it was elongated by 
a 40-cm extension onto which the optical piston is bolted (see Fig. 2.1). The quartz
rockers
injector 
inlet valve 
piston crown 
piston ring
rider ring
piston extension
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Table 2.1: Specifications of the measurement cylinder.
geometry:
bore
stroke
displacement 
compression ratio 
swirl number
130 mm 
146 mm 
1.939 t
15 (unmodified: 16) 
1 .8
valve data:
inlet opens 360° bTDC
inlet closes 170° bTDC
exhaust opens 130° aTDC
exhaust closes 360° aTDC
fuel injector:
injector holder Bosch CR 12.8.1 B2 sample
injector tip Bosch DLLZ160PV3370 685 569
nozzle 0.128 mm
#  holes 8
engine speed 1430 rpm
piston window is mounted between the extension and the piston crown. The elonga­
tion of the cylinder also simplifies the mounting of side windows, and it improves the 
access for laser beams and detection equipment.
At the operating speed of 1430 rpm, the 10 Hz laser system could be synchronised 
to the engine by a home-built trigger system, such that every 35th cycle, the laser 
fired at a user set crank angle while containing its 10 Hz pulse rate.
2.2 O ptical d iagnostic techniques
2.2.1 Laser-induced fluorescence
W ith laser-induced fluorescence, a molecule is optically raised to an excited state 
by tuning a laser to a frequency that matches a certain transition of the molecule. 
Subsequently, the molecule releases (some of) its excess amount of energy by sponta­
neous radiation. After excitation, the spontaneous fluorescence might compete with 
other de-excitation processes like predissociation, internal conversion and collisional 
de-excitation. The latter comes in several flavours. If the change of state incurred by 
the collision involves the electronic state, the collision is termed (electronic) quench­
ing. If only the vibrational or rotational level changes upon collision, the collision 
is termed vibrational energy transfer (VET) or rotational energy transfer (RET), re­
spectively. Because of VET and RET, even if a single rovibrational state is excited, 
the fluorescence occurs typically from a manifold of rotational and vibrational states, 
an example of which is given schematically by Fig. 2.2. Here, OH is raised from the 
ground vibrational level of the X 2n  electronic state to the first vibrational level of 
the A2X+ state. The precise rotational levels are not important right now. Due to
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Figure 2.2: Energy level diagram for OH. Lowest two vibrational states for the X 2n  and 
A2S+ electronic states. Individual rotational levels are given only for the first vibrational 
state (v = 1), while for the other vibrational states, the different rotational states are 
collapsed into a single band. Note that RET occurs in principle within each band.
VET and RET, the fluorescence occurs from a range of rotational levels in both the 
ground and first excited vibrational levels (contribution of higher vibrational levels is 
negligible).
Because of VET and fluorescence back to different vibrational levels than the 
probed vibrational level, part of the fluorescence is shifted significantly from the exci­
tation wavelength. This shift enables so-called off-resonance detection and is beneficial 
for diagnostic purposes since interference with the laser wavelength via Rayleigh and 
Mie scattering can be avoided.
LIF is a very sensitive background-free technique, allowing measurements of minor 
species concentrations, although at the high pressures and temperatures experienced 
in an engine, the sensitivity decreases due to an increase in quenching and broadening 
of the rotational lines. Another merit of LIF is that it is very species selective, because 
each molecule exhibits characteristic excitation and fluorescence spectra, serving as 
a ‘molecular fingerprint’. LIF can, in principle, be used two obtain two-dimensional 
(2D) images. In recording 2D images, optical filters are generally used to isolate the 
fluorescence wavelength range of interest. In practice, however, one has to be very 
careful in interpreting the LIF signal, as will be addressed in Chapters 4 and 5.
Although the LIF signal can in principle be quantified into a concentration, the 
main hurdle is to account for the loss in fluorescence signal due to quenching. Not 
only does the quenching rate depend on pressure and temperature, but it also depends 
on the colliding species and therefore on the local chemical composition.
It must be noted that, even though LIF is a very sensitive technique, detection of 
some (major) species is not obvious. Nitrogen, for example, can only be excited using 
light in the vacuum ultraviolet (wavelength between 1 0  and 2 0 0  nm), complicating 
excitation and detection by use of a conventional laser and camera.
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Figure 2.3: Schematic picture of Rayleigh and Raman scattering. The large arrows indicate 
the laser frequency, the smaller arrows the scattering. The levels at the bottom indicate the 
different vibrational levels of the molecule, the dotted line a so-called virtual level.
2.2.2 R am an, R ayleigh, and M ie scattering
Raman scattering may be regarded effectively as inelastic scattering of light by 
molecules, whereas Rayleigh scattering is its elastic counterpart. The scattering corre­
sponds, in perturbation theory, to the absorption and subsequent emission of a photon 
via an intermediate electron state, having a virtual energy level. Thus, Raman and 
Rayleigh scattering are two-photon processes. With Raman scattering, the initial and 
final state of the molecule involved are different and, depending on the difference in 
energy levels of these states, the scattering is termed rotational, vibrational or elec­
tronic Raman scattering. Only vibrational Raman scattering is covered here, since it 
is the only type of Raman scattering deployed in the work presented in this thesis. If 
the outgoing photon has less energy than the incoming photon and this difference in 
energy is effectively transferred to vibrational energy of the molecule (see Fig. 2.3), 
the process is called Stokes scattering. If the molecule looses vibrational energy, the 
process is called anti-Stokes scattering. The process is visualised as a transition tak­
ing place between two real vibrational levels via a virtual state of the molecule. With 
Rayleigh scattering, the initial and final state of the molecule involved are the same.
In classical physics, light emitted by molecules can be described as originating 
from oscillations of the dipole moment of the electron cloud. Rayleigh scattering can 
be regarded as an oscillation of the electron cloud of the molecule at the frequency of 
the electric field associated to the external source of light, giving rise to emission of 
light at the same frequency u. Raman scattering can be described as the interaction 
between the oscillating external electric field (light source) and a vibrating molecule 
(at frequency u k) of which the polarisability depends on the nuclear coordinates. 
Effectively, the electron cloud (i.e. the molecule’s dipole moment) is now driven into 
oscillation by the external electric field at at frequency u  and the amplitude of the 
oscillation depends on the position of the nuclei vibrating at frequency u k. The co­
occurrence of both processes with their own frequency gives interaction rise to a sum
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(u+ uk, anti-Stokes) and a difference (u - u k, Stokes) frequency in the oscillation of the 
electron cloud. Even though both the Stokes and the anti-Stokes lines are predicted, 
the classical approach falls readily short in a sense that it does not correctly predict 
intensities of the lines.
Because the Raman scattering process is a non-resonant effect, the same laser 
source can be exploited to visualise a variety of major species simultaneously by dis­
persing the scattered light. Unfortunately, due to its low efficiency, Raman scattering 
is in practice limited to major species. By taking the ratio of the Stokes and the anti­
Stokes intensities, Raman scattering can also be applied to determine temperature.
Rayleigh scattering is the reason behind the blue appearance of the cloudless sky, 
since the process is increasingly efficient at higher frequencies. Rayleigh scattering 
is typically three orders of magnitude stronger than Raman scattering, but since no 
frequency shift is involved, it cannot be applied to identify different species. In some 
model flames, Rayleigh scattering can be used to determine temperature since the 
scattering scales with the density and density is inversely proportional to temperature 
in constant pressure situations. Even though the Rayleigh-scattering cross section 
depends on the species, it has been shown in the model flames of interest that the 
spatially varying chemical composition gives rise to only a few percent in variation of 
the net scattering cross section. Since no change in frequency is involved in Rayleigh 
scattering, care has to be taken to avoid the much stronger scattering of light from 
particulates. Therefore, Rayleigh scattering can only be used in clean and particle- 
free environments and it cannot be used for temperature assessment in even slightly 
sooting flames. The elastic scattering from these particulates is called Mie scatteringa 
Mie scattering can in principle be used to assess the local attenuation of a laser sheet 
[55].
2.2.3 N atural lum inosity
C hem ilum inescence
Chemiluminescence involves species that are raised to an excited state during their 
creation by excess energy from the reactions. The fluorescence from the excited states 
can be utilized to trace these excited radicals. Once formed, the excited species 
rapidly return to the ground state, both by quenching and by fluorescence. Since the 
chemiluminescence process is fast compared to transport processes, it can be used as 
a good marker of the heat release region where the species of interest is generated. 
In combustion environments, chemiluminescence is typically used to trace OH, CH, 
CH2O and CHO. Since chemiluminescence is a line of sight technique, spatial infor­
mation is limited to two dimensions only. All molecules have their own characteristic 
frequency bands in which they emit and by using optical filters to single out the ap­
propriate bands, specific molecules can be detected. One must be careful, however, 
not to interpret broadband soot luminosity as chemiluminescence of the molecule of 
interest, as will be shown in Chapter 6 . Moreover, the technique is obviously limited 
to (electronically) excited species.
aWhen the particulate is much smaller than the wavelength of the light (i.e. the scattering particle 
can be regarded as a point source of radiation), the elastic scattering is called Rayleigh scattering.
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Soot lum inosity
The vast majority of spontaneously emitted light from a diesel engine is soot in­
candescence. It is typically four to five orders of magnitude stronger than chemilu- 
minescence [30]. Under the assumption that the primary soot particles fall in the 
Rayleigh-scattering regime (emitted wavelengths are significantly larger than the par­
ticle size), it can be shown that the natural luminosity is proportional to the soot 
volume fraction [40]. The fact that the luminosity also depends greatly on the soot 
particle temperature, however, complicates the interpretation of the luminosity as a 
measure of the soot volume fraction. This will be addressed at length in Chapters 6 
and T.
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CHAPTER 3
Thermodynamics
This chapter focusses on the analysis of the in-cylinder pressure curves. Section 3.1 
shows how the rate of heat release is derived from a pressure curve. It also elaborates 
on a measure for the work done during compression and expansion stroke. Section 3.2 
presents a novel method to calculate the in-cylinder air temperature from a pressure 
curve. This method addresses the energy loss via blowby and heat transfer to the 
cylinder walls.
3.1 Pressure curve and rate o f heat release
The in-cylinder pressure as a function of crank angle is called the pressure curve. 
From the pressure curve, the rate of heat release (dQ/dO) is derived, using an in­
house code which works as follows: first, a possible offset in the pressure sensor data 
is corrected for by setting the cylinder pressure at the time of inlet valve closure equal 
to the effective boost pressure. The pressure curve is smoothed using a Savitzky-Golay 
filter. Then, the rate of heat release is determined using
dQ Y dV  1 dp
do  =  — 1P ' d o  + Y - 1 V ' do (3-1)
as given by Heywood [56]a. Here, p is the pressure, V  is the volume, dO is the change 
in crank angle O, andY is the ratio of the specific heat constants (cp/cv) . The volume 
is given by the geometric parameters of the cylinder. dQ/dO is the net rate of heat 
release, i.e. the difference between the gross rate of heat release and the heat-transfer 
rate to the walls. The ratio of the specific heat constants was determined making a 
logarithmic fit to the pressure vs. volume curve, using the relation
(pV ) 7 =  const. (3.2)
aOften, the term “apparent rate of heat release” is used to indicate that the quantity derived, 
represents a net effect of chemical reactions and loss of energy such as heat losses to and air leakage 
from the cylinder.
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Figure 3.1: Typical pressure curve for n-heptane as a fuel and the associated rate of 
heat release (RoHR). The dotted line indicates the steepest ascent. Injection between -4.5 
and 12.5° after TDC (aTDC), the indicated mean effective pressure (IMEP) is 438 kPa. 
The value for the IMEP of 438 kPa given in Fig. 3.1 amounts to an indicated specific fuel 
consumption of 220 g/kWh, a reasonable value [56].
A typical pressure curve and its associated rate of heat release (RoHR) is depicted 
in Fig. 3.1. The start of combustion was retrieved by fitting a straight line to the 
region of the steepest initial ascent of the RoHR curve. The time of the start of the 
RoHR (9dQ) was then determined as that time where this fitted line intersects the 
time axis. This method is not very sensitive to noise and yields an upper limit of 9dQ, 
typically 1.5 to 2 ° later in time than the moment when the RoHR crosses the time 
axis. The ignition delay (via the heat release) is then determined as the difference 
between 0dQ and the time of start of fuel delivery (SoD).
Pressure data can be used to calculate the work transfer from the gas to the piston 
by integrating the pressure over the volume:
Here, only the work delivered to the piston over the compression and expansion strokes 
is taken into account (integration runs between -180° and 180° aTDC); it is called 
the gross indicated work per cycle. This as opposed to the net indicated work, where
lines in Fig. 3.2 shows the gross indicated work per cycle, using the pressure curve 
depicted in Fig. 3.1. Throughout this thesis, the gross indicated work will be used 
and the annotation ‘gross’ will be omitted consistently.
A useful relative engine performance parameter is obtained by normalising the 
gross indicated work per cycle by the volume displaced by the cylinder. This param­
eter is called the gross indicated mean effective pressure (gIMEP). Throughout this 
thesis, the gross rather than net indicated mean effective pressure is used and the 
annotation ‘gross’ is omitted consistently.
(3.3)
also the exhaust and intake strokes are taken into account. The area included by the
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Figure 3.2: Pressure vs. volume for the pressure curve shown in Fig. 3.1.
3.2 In-cylinder air tem perature
The temperature of the (unburned) fuel/air mixture is, amongst others, of paramount 
importance in analysis of the flame lift-off length and the liquid spray penetration 
length, and in the quantification of laser-induced fluorescence signals. The temper­
ature of the fuel/air mixture can be calculated by use of the estimated equivalence 
ratio, the enthalpy of vaporisation and the heat capacity cv of the fuel concerned, and 
the temperature of the in-cylinder air entrained by the fuel spray. The local equiva­
lence ratio was extracted from Schlieren measurements in combination with a spray 
penetration correlation [57] developed by Naber and Siebers. Quite some effort has 
been put into assessment of the temperature of the in-cylinder air entrained by the 
fuel spray. The calculation of this temperature has been divided into two steps. In the 
first step, the temperature before combustion starts (9 < 9dQ) was calculated using a 
fit to the experimental pressure trace. In this fit, temperature-dependent specific heat 
constants were employed and the heat transfer to the cylinder wall and blowby were 
accounted for [58], as will be addressed in more detail below. This procedure yields 
the starting condition for the second step. In that step (9 > 9dQ), the effect of the 
combusting sprays on the temperature of the air entrained by the sprays, is covered. 
This air is assumed to be left chemically unaffected. Because of the heat release by 
combustion and the associated local pressure rise, the combusting sprays expand, com­
press the air around the sprays and cause the temperature of this non-combusting air 
to rise. When CH2O is formed during the cool-flame period, the temperature rise by 
compression was not taken into account. The reason is that the RoHR and according 
compression and temperature rise of the in-cylinder air are only small.
3.2.1 Tem perature before start o f com bustion
To determine in-cylinder temperatures accurately, the temperature-dependent specific 
heat constants, the heat transfer to the cylinder wall and blowby have to be accounted 
for. In taking these factors into account, the temperature is regarded to be homoge­
neous throughout the cylinder, i.e. the mass averaged bulk temperature is calculated. 
The effect of boundary layers is addressed at the end.
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The pressure curve was simulated by a custom made code. The change dU in 
internal energy of the in-cylinder gases is equal to the sum of the change in internal 
energy associated with a temperature change and the internal energy of the mass lost 
from the cylinder. Assuming a homogeneous system,
dU =  m  ■ cv ■ dT  +  u (T ) ■ dm  (3.4)
(Ref. [56], Chapter 9) where m  is the mass of the in-cylinder air, cv the heat capacity 
per unit of mass at constant volume, dT  the temperature change, u (T ) the internal 
energy per unit of mass and dm  the mass flow rate into the cylinder (negative for 
blowby).
The change in internal energy can also be expressed by the first law for an open 
system via
dU =  dQ — p ■ dV  +  h(T ) ■ dm  (3.5)
(Ref. [56], eq. 10.1) where dQ is the heat flux to the in-cylinder gases (no heat release 
by combustion), p the pressure, dV  the volume change, and h(T ) the enthalpy per unit 
mass. By equating formula 3.4 and 3.5, the change in temperature can be obtained 
for every numerical integration time step. It is now described how the quantities of 
equations 3.4 and 3.5 are calculated.
In assessing the change in pressure and temperature, the temperature dependent 
specific heat constants from the Chemkin Thermodynamic database [59] have been 
used. The enthalpy and internal energy per unit of mass have also been extracted 
from this database. The ideal-gas law was applied as an equation of state.b
In addressing the heat transfer from the cylinder walls, only the convective heat 
transfer Qconv (by turbulent fluid motion) is taken into account, as this is the dominant 
mechanism of heat transfer. It is governed by
=  —hconv A (T  — Tw) (3.6)
dt
where A  is the (crank angle dependent) area of the cylinder wall, T  denotes the in­
cylinder temperature, Tw the wall temperature and hconv is given by the Woschni 
correlation
L _ S'i r>m-lfnm„..mrn0-75— 1.62m (o *7\hconv CconvB  p W 1 (3. 7)
with Cconv the constant of heat conduction, B  the cylinder diameter (bore), p the 
pressure and w the average speed of the gas [61]. The constant m  is taken to be 0.8, 
a commonly used experimental value in Ref. 3.7 [62]. If the small swirl in the engine 
is neglected, w is given by
w =  C1Sp (3.8)
where C1 =  6.18 during the inlet stroke and 2.28 (Ref. [56]) during the compression 
stroke. Sp is the average piston speed.
For the mass loss via blowby, Bernouilli’s equation has been used (appendix C 
of [56]). Therefore, the effective ring clearance Rc should be known. It was not,
bThe effect of applying the Van der Waals law rather than the ideal gas law as an equation of state 
has been investigated. The constants and approach of Zevenhoven [60] have been applied, yielding 
a TDC temperature lowered by less than 1%. This left us to conclude that under the pressures and 
temperatures experienced, the calculated temperature does not critically depend on the choice of the 
equation of state.
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Figure 3.3: The simulated and experimental pressure curves, along with their difference 
(multiplied by 10). The simulated pressure for a nominal boost pressure of 0.12 MPa 
(effective boost pressure of 0.108 MPa) when no heat- and mass losses are taken into account 
is plotted as well. The inlet temperature was 40 °C. The fit parameters are listed. The 
simulated pressure curve for the case without losses shows that in the experiment, the 
pressure drop around TDC due to losses is only 5%.
however. Moreover, the effective boost pressure was somewhat lower than the set 
pressure, mainly due to pressure loss over a filter in the inlet air channel. These two 
unknowns served as fitting parameters in matching the theoretical pressure curve to 
the experimental pressure curve. A third fitting parameter was the constant of heat 
conduction Cconv. In fitting, it was constrained to a value such that a heat flux in the 
order of the experimentally determined 0.5 M W /m 2 reported by Chang et al. [62] was 
obtained. A typical fitting result for an inlet air temperature of 40 °C is portrayed 
by Fig. 3.3. At the time of the inlet valve closing, the calculated pressure curve is set 
to the effective boost pressure. W ith the values of the fit parameters, the heat flux 
around TDC is 0.33 M W /m2. The values of the fitting parameters are displayed in 
the figure. The error bars for each quantity were obtained by analysing within what 
range of fit parameters the fit was still reasonable. The fitted effective ring clearance 
Rc and constant of heat conduction C  proved to be hardly dependent on experimental 
conditions (i.e. boost pressure and inlet temperature), lending credit to the method. 
The temperature at TDC in the motored engine is 840 ±  15 K, instead of 867 K if 
heat transfer and blowby would not be an issue.
Ferguson et al. [63] showed that the temperature in the centre of an internal 
combustion engine is typically a few percent higher than the mass averaged bulk tem­
perature. This difference should be appreciated. Their approach cannot be followed, 
however, as we do not know the thickness of the boundary layer where the temper­
ature rises from the ‘cold’ cylinder-wall temperature to the temperature of the hot 
in-cylinder gases more in the centre. An upper limit for the temperature in the cen­
ter can be obtained by setting the heat loss via convection to zero in the calculation 
described above (i.e. the only loss in internal energy is due to blowby). This way, a 
temperature of 864 K was found. We assume the tru th  to lie in the middle, which in
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Figure 3.4: Temperature of the compressed/expanded air entrained by the spray during 
combustion for a variety of fuels, along with the temperature for a motored run.
this case would result in a value for the temperature of the air in the cylinder centre 
of 855 ±  20 K at TDC.
3.2.2 Tem perature of entrained air during com bustion
In this section, we address the procedure to calculate the temperature change of the 
air entrained by the spray during the combustion. The air is assumed to be unmixed 
with combustion products from the burning spray. The change in temperature is 
related to an effective compression (or expansion) of the air as a combined effect of 
combustion and piston movement. To calculate the change in temperature due to 
compression/expansion, the relation between the change dT  in temperature T  and 
the change dP  in pressure P  (e.g. Noggle [64], equation 2.45)
R T
d T = c m -p  ' dP  (39)
for adiabatic compression was numerically integrated, using the measured pressure 
curves0. Here, Cp(T ) is the temperature-dependent heat capacity at constant pressure, 
and R  is the gas constant for the specific mixture. Note that the cylinder-averaged 
pressure is used to calculate a local temperature. This is a sensible approach, however, 
since pressure normally equilibrates quickly throughout the cylinder. The results for 
various fuels (see Chapter 7 for more information on the fuels) are given in Fig. 3.4. 
All the measurements were performed at an inlet air temperature of 40 °C, except for 
CHxnO(9%), for which the inlet air temperature was 60 °C. The temperature for diesel 
does decrease slower than for the other fuels since it was injected during 25.5° rather 
than 17.5°. From the (compressed air) temperature, the local density was retrieved, 
using the ideal gas law. The in-cylinder air upstream of the lift-off length could also 
be additionally heated directly by the combustion and by hot combustion products
c Since the measured pressure curve was taken, no explicit corrections for blowby and heat loss to 
the cylinder wall were made.
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bounced back from the piston bowl. The former is not expected to be significant 
[65], and neither is the latter since hot combustion products moving upstream pass 
the lift-off location only after the end of injection. This is extracted from fuel-vapour 
speed measurements in the Eindhoven high-pressure high-temperature cell (EHPC).
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CHAPTER 4
Time- and Space-Resolved Quantitative LIF Measurements of 
Formaldehyde in a Heavy-Duty Diesel Engine
adapted from: A. J. Donkerbroek, A. P. van Vliet, L. M. T. Somers, N. J. Dam, P. J. M. 
Frijters, R. J. H. Klein-Douwel, W. L. Meerts, and J. J. ter Meulen, Combust. Flame 157, 
155-166 (2010)
A bstract
Formaldehyde (CH2O) is a characteristic species for the ignition phase of diesel-like 
fuels. As such, the spatio-temporal distribution of formaldehyde is an informative 
parameter in the study of the ignition event in internal combustion engines, especially 
for new combustion modes like homogeneous charge compression ignition (HCCI). 
This paper presents quantitative data on the CH2O distribution around diesel and 
n-heptane fuel sprays in the combustion chamber of a commercial heavy-duty Diesel 
engine. Excitation of the 4^  band (355 nm) as well as the 402  ^ band (339 nm) is 
applied. We use quantitative, spectrally resolved laser-induced fluorescence, calibrated 
by means of formalin seeding, to distinguish the contribution from CH2O to the signal 
from those of other species formed early in the combustion. Typically, between 40 
and 1 0 0 % of the fluorescence in the wavelength range considered characteristic for 
formaldehyde is in fact due to other species, but the latter are also related to the 
early combustion. Numerical simulation of a homogeneous reactor of n-heptane and 
air yields concentrations that are in reasonable agreement with the measurements. 
Formaldehyde starts to be formed at about 2 °CA (crank angle degrees) before the 
rise in main heat release. There appears to be a rather localized CH2O formation zone 
relatively close to the injector, out of which formaldehyde is transported downstream 
by the fuel jet. Once the hot combustion sets in, formaldehyde quickly disappears.
Keywords: formaldehyde, diesel engine, quantitative, LIF
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4.1 Introduction
The current dominance of heavy-duty diesel engines in powering road freight transport 
is unlikely to be challenged in the foreseeable future [6 6 ]. Nevertheless, legislation 
confronts engine manufacturers with increasingly stringent emission limits. These, of 
course, can be met by exhaust gas aftertreatment, but there is a fuel penalty attached. 
Several novel combustion concepts are under study, that hopefully maintain efficiency 
while reducing emissions. Ignition is a key event in the whole cycle, and ignition 
control is, for instance, of prime importance for combustion modes like Homogeneous 
(or Premixed, PCCI) Charge Compression Ignition (HCCI), in which the ignition is 
decoupled from the fuel injection.
Here, we focus on the formation and destruction of formaldehyde (CH2O), a rel­
atively stable intermediate species that occurs in appreciable amounts only during 
roughly the first 10% of the heat release in a typical diesel combustion cycle [67]. Its 
main interest lies in the fact that it indicates the first combustion stage of two-stage 
ignition fuels, and as such it characterises the temporal and local combustion process 
within the cylinder. It indicates the start of the combustion and its presence late in 
the expansion stroke reflects locally fuel lean areas that have not transitioned to the 
second stage of combustion.
Formaldehyde has been studied extensively in internal combustion engines under 
HCCI operation [68-71]. In relation with high-temperature combustion diesel engine 
studies, it has been investigated in a (surrogate) diesel spray in a rapid compression 
machine [50] and a high pressure vessel [72]. For late-injection low-temperature com­
bustion, Genzale et al. [73] have used formaldehyde fluorescence to study piston bowl 
geometry effects on the combustion process.
Quantification of CH2O fluorescence is complicated, especially at engine conditions 
[6 8 , 74]. In virtually all publications dealing with two-dimensional fluorescence images 
(induced by the 3rd harmonic of a Nd:YAG laser), spectral filters are used to single 
out wavelength bands that are considered to be characteristic for CH2O fluorescence. 
The spatially resolved light that is detected is then interpreted as originating (partly) 
from formaldehyde, an assumption not always carefully justified. The large variety of 
heavy intermediate species (which possibly fluoresce in a wide wavelength range) that 
occurs during the start of combustion, however, necessitates a careful interpretation 
of 2D fluorescence images.
We here report quantitative measurements on formaldehyde within the combustion 
chamber of an optically-accessible diesel engine by laser-induced fluorescence (LIF) 
as a function of time and position, employing a range of injection timings. It has 
been systematically investigated what part (if any) of the total fluorescence is due to 
CH2O. The main focus is on the (unsteady) premixed combustion phase. Two laser 
sources have been used, the 3rd harmonic of an Nd:YAG laser and a tunable dye laser, 
probing the 40 or the 4020 vibrational band of the A 0A2 ^  X1A1 electronic transition, 
respectively.
The fuels used are commercial low-sulphur diesel and n-heptane. We show that, 
for both fuels, the detection of fluorescence in the wavelength range of formaldehyde 
emission does not necessarily imply the actual presence of formaldehyde. As a conse­
quence, 2D images will be much harder to interpret. Furthermore, we report a novel 
way to derive formaldehyde concentrations from fluorescence spectra recorded in a
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Table 4.1: Specifications and global operating conditions of the measurement cylinder.
engine type six-cylinder four-stroke DI diesel engine
bore, stroke 130 mm, 146 mm
displacement 1.939 t  (per cylinder)
compression ratio 15 (unmodified: 16)
piston bowl shape “bath tub” (flat piston window)
piston bowl 84 mm
swirl number 1 .8
0  injector, #  holes 0.128 mm, 8
amount of diesel injected, inj. 60 mg of low-sulphur diesel, 120 MPa (8
pressure holes opened)
injection duration, diesel 17.5 °CA
amount of n-heptane injected, 48 ±  5 mg of n-heptane, 85 MPa (8  holes
inj. pressure opened)
injection duration, n-heptane 17.0 °CA
nominal boost pressure 0.12 and 0.14 MPa (abs.; no EGR)
engine speed 1430 rpm
distance injector tip to 1.9 mm
cylinder-head
diesel spray, based on a study of the formaldehyde spectrum as a function of pressure 
and temperature.
4.2 E xperim ent
4.2.1 Engine
In Table 4.1, the specifications of the optical six-cylinder heavy-duty diesel engine are 
listed, and Fig. 4.1 shows the optically accessible measurement cylinder.
Fuel injection into the measurement cylinder is achieved by a home-built common- 
rail (CR) system, providing the possibility to start and end the injection at will. The 
injector can be rotated around its axis, allowing measurements at different positions 
relative to the fuel spray without repositioning the laser beam. To avoid overheating, 
the non-lubricated measurement cylinder is skip-fired. With respect to temperature, 
steady-state conditions are mimicked by (pre-)heating the cooling water to operational 
temperatures.
Measurements were performed on two sprays as indicated by 1 and 2 in Fig. 4.1c. 
For measurements on spray 2, the injector hole of spray 1 was blocked to prevent 
excessive attenuation later in the stroke.
For diesel, the start of fuel delivery (SoD), i.e. the effective start of injection 
was determined from high-speed imaging (see Fig. S1 in [75] for a more detailed 
description). For n-heptane as a fuel, no high-speed images were available. The SoD 
was retrieved from the rail-pressure trace and the (uncalibrated) needle-lift. In both 
cases the SoD occurs about 3.5° after triggering the injection system.
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Figure 4.1: Schematic representation of the setup: (a) Schematic view using the 355 nm 
laser sheet. In case of dye laser measurements, the two spherical lenses were replaced by an 
f=1500 mm spherical lens and the HR355 mirror by a prism. (b) Bottom-up view of the 
sprays along with the position of the laser sheet. (c) Side-view of the two sprays traversed 
by the laser sheet.
The start of combustion was retrieved from the rate of heat release [56], derived 
from the in-cylinder pressure trace. An example of typical pressure traces for both 
fuels, along with the rate of heat release, is depicted in Fig. 4.2. Diesel fuel was 
injected at 120 MPa. For n-heptane, the CR system could not reach pressures beyond 
90 MPa due to the low fuel viscosity.
A slot ( 1 2  mm high and 9.5 mm wide) machined in the piston crown allows ob­
servations and laser access through one of the side windows even at top dead centre 
(TDC). The slot does not significantly affect the overall combustion characteristics. 
High-speed images of the combustion luminosity (mainly soot) [75] show that the de­
velopment of combustion is similar for all sprays. Separate results (not shown here; 
paper in preparation) show that also the OH chemiluminescence behaves similar for 
all sprays, but that the flame lift-off length is slightly longer for the spray directed 
towards the slot than for other sprays, possibly due to reduced squish flow.
4.2.2 Calibration
Formalin, containing 37% formaldehyde by weight, was seeded in two ways. Firstly, 
it was seeded directly into the cylinder, using a direct injection petrol injector, pres-
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Figure 4.2: Typical pressure curves and the rate of heat-release (RoHR) derived from it. 
All eight injector holes were opened. n-Heptane injection between -4.5 and 12.5° after TDC 
(aTDC), indicated mean effective pressure (IMEP) of 438 kPa. Diesel injection between 
-4.5 and 10.0° aTDC, IMEP of 528 kPa.
surised by 3 MPa of nitrogen. The injection timing was set carefully to ensure a 
homogeneous distribution of formaldehyde (extracted from 2D LIF images recorded 
through the piston window). Alternatively, it was seeded into the inlet air, just be­
fore the inlet valves, by use of the same injector. Employing this seeding method, 
fluorescence measurements were performed over an extended period of time to ensure 
steady-state seeding. A typical seeding concentration was 1.0 • 103 ppm. Fluorescence 
spectra of formaldehyde at different ambient pressures (p) and temperatures (T) were 
recorded by exciting the seeded formaldehyde at a range of crank angles in the motored 
engine. To some extent, the pressure was varied independently of the temperature by 
adjusting the inlet air pressure. Within experimental accuracy, both seeding methods 
yield similar results for the calibration factor.
4.2.3 C H 2O LIF m easurem ents
Measurements were performed with an excitation laser sheet of about 1 mm thick and 
a width that was varied between 2 and 8  mm. The laser sheet traverses the combustion 
chamber parallel to the cylinder head. It typically did not propagate parallel to the 
spray axis, as indicated in Fig. 4.1c, because the sprays angle downward under 10° 
with the horizontal. Fluorescence was detected through the piston window. LIF of 
CH2O is induced by either of two laser sources. The 3rd harmonic of a seeded Nd:YAG 
laser (Continuum Powerlite Precision II 8010, pulses of 40-70 mJ upon entering the 
cylinder) probes the 40 vibrational band of the A 1A2 ^  X 1A1 electronic transition 
at 354.82 nm. A frequency-doubled dye laser (Radiant dye) was used to excite the 
4020 band at 339.017 nm. The typical pulse energy prior to entering the engine was 
between 1 and 3.5 mJ. The wavelength of the dye laser was calibrated by performing 
an excitation scan in a bunsen burner and comparing the spectrum with the CH2O 
spectrum simulated by PGOPHER [76]. In the simulation, the refined spectroscopic
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Figure 4.3: (a) Two fluorescence spectra at 355 nm excitation wavelength measured in 
the motored engine at different pressures and temperatures. The spectra were aqcuired by 
seeding formalin into the inlet air of the motored engine. Note that the peaks are much less 
pronounced at elevated temperature and pressure. (b) characteristic fluorescence spectrum 
of the firing engine fueled with low-sulphur diesel and n-heptane. (c) A spatially resolved 
image for n-heptane. The dotted line represents the injector position. The wavelength scale 
is the same as in (a,b). In fact, it is a convolution of spatial and spectral information [78]. 
The vertical axis corresponds to the height of the spectrograph entrance slit, and represents 
spatial information only. *) The region of 35 strips (strip: row of pixels), subdivided into 7 
parts of 5 strips for analysis.
parameters as determined by Smith et al. [77] were used. For the 3rd harmonic of the 
Nd:YAG laser, a linearity check of the formaldehyde fluorescence signal versus laser 
intensity was performed and saturation was avoided.
Fluorescence spectra were recorded through the piston window, between 410 and 
450 nm, using an intensified CCD camera (Roper Scientific, ICCD 512T, 5122 pix­
els, 16 bits) mounted behind a spectrograph (ARC SpectraPro 500i, 600 lines/mm 
grating). This wavelength range was chosen for signal strength and separation from 
the laser wavelength, the latter to prevent possible interference from stray light. An 
additional Schott GG375 filter was used in front of the collection optics to block 
355 nm laser light. The entrance slit of the spectrograph was parallel to the laser 
sheet direction, and was opened just enough to encompass the entire width of the 
laser sheet for maximum intensity. Although recording the entire width of the laser 
sheet is accompanied by a loss of spectral resolution, Figures 4.3a and b shows that 
the characteristic CH2O structure (the four vibrational peaks) is still preserved. In 
the spectra shown, the camera images are integrated along the propagation direction
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of the laser. The limited repetition rate of the measurement system (10 Hz for the 
laser, less for the camera’s) allowed only one frame to be recorded per injection event. 
The data in this paper are averaged over five laser shots, unless stated otherwise.
Two dimensional (that is, spectrally unresolved) measurements were performed by 
using the ICCD camera without the spectrograph mounted. Apart from the GG375 
filter, an additional SPF450 filter (CVI, transmitting between 385 and 440 nm, 63% 
maximum transmission) was used to block soot luminescence.
4.2 .4  C H 2O data  processing
Five pixels along the laser propagation direction were added in hardware (‘binning’), 
before being read out by the computer, to improve the signal to noise ratio. This 
reduced the spatial resolution to 0.8 mm/pixel. A typical image is shown in Fig. 4.3c. 
The spectra indicated in Fig. 4.3 have been obtained by integrating in software the 
fluorescence along the laser direction (vertically in Fig. 4.3c).
In processing the spectra, the wavelength-dependent camera sensitivity and the 
transmission of the optical filter and spectrograph were taken into account by calibra­
tion with a halogen and deuterium calibration lamp with a known spectral emissivity.
4.3 M eth od  o f sim ulation
The fluorescence from formaldehyde formed in the cool flame of the premixed combus­
tion has been quantified and this experimental concentration has been compared to 
simulations. It was chosen to describe this partially-premixed combustion phase by an 
ensemble of homogeneous reactors with varying initial conditions of n-heptane and air 
mixtures. A versatile multi-zone HCCI code, is used to compute the ignition process 
[79]. The CH2O concentrations and ignition delays provided by two reaction mecha­
nisms have been compared to obtain information on the sensitivity of the results to 
the applied mechanism. The first one was the extensive LLNL PRF mechanism [80], 
the second a skeleton mechanism for n-heptane [81] (hereafter referred to as “Peters 
mechanism”). Because of its size, the last one is better suited to perform an extensive 
set of simulations.
Simulations have been performed for a wide range of equivalence ratios and initial 
temperatures. The mixture temperature and equivalence ratio are coupled via the 
temperature of the in-cylinder air (855 ±  20 K, see 3.2.1) and the fuel temperature 
(343 ±  10 K). By performing adiabatic mixing calculations, it was analysed how the 
mixture temperature depends on 0. This temperature decreases with increasing 0 as 
more fuel has to be heated up.
4.4 A nalysis o f spectra
Typical CH2O spectra, recorded in the engine under normal operating conditions 
( “engine spectra”) are plotted in Fig. 4.3, along with two spectra of CH2O seeded into 
a motored engine ( “seeded spectra”). The 3rd harmonic of the Nd:YAG laser was used 
as source of excitation. In the engine spectra, a large background accompanies four 
distinct characteristic peaks. The spectrum is expected to consist of three components:
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spectral structure due to CH2O, a broad featureless background due to CH2O and a 
broad background originating from other species (e.g. other aldehydes, fuel and PAH 
fluorescence). Since our aim is to quantify the CH2O signal, the contribution of CH2O 
to the whole spectrum has to be quantified.
To assess which part of the engine spectrum can be ascribed to CH2O, we need 
to consider both the spectral structure and the structureless background. Lachaux & 
Musculus [82] introduced a method to deal with this issue, based on the covariance 
of Fourier-transformed sample and reference spectra. This method was later modi­
fied by Genzale et al. [73] to remove the undesired contribution of the structureless 
background. Below, we describe an alternative method that deals with the spectra 
directly. We prefer our method over that of Musculus and coworkers [73, 82] because 
of the following three reasons. Because our method correlates raw spectra rather than 
(parts of their) Fourier transforms, (i) the correlation coefficients we find are a direct, 
quantitative measure for the contribution of CH2O to each sample spectrum. More­
over, (ii) by Fourier transforming, the absolute spectral positions are lost and only 
information on repetitive structure is retained. The absolute spectral position, how­
ever, is essential for the assignment of spectral structure to chemical species. Finally 
(iii), we use a clean CH2O spectrum (obtained from CH2O vapour) as reference, rather 
than an engine spectrum that itself may already contain multiple contributions.
We retrieve both spectral structure and structureless background by comparison 
with a library of seeded spectra that were recorded separately in the motored engine, 
under similar conditions (p, T ) as the spectra recorded in a firing engine. Basically, the 
idea is that the relative contribution of spectral structure and structureless background 
may depend on pressure and temperature, but that their ratio is unlikely to depend on 
the chemical environment. This ratio is governed by the widths and relative strengths 
of the (vibronic) emission bands. The width of the observed emission bands is deter­
mined by the rotational Boltzmann envelope, because of fast thermal equilibration of 
the rotational distribution [83]. Also the relative strength of the emission bands is not 
expected to depend very much on the details of the chemical environment because of 
fast vibrational relaxation [84]. Indeed, it was observed that the ratio of the spectral 
structure and structureless background did not depend on whether formaldehyde was 
seeded in dry air or in pure nitrogen. Thus, this ratio can be determined from the 
seeded spectra (for which formaldehyde is the only contributor), and subsequently be 
used for the analysis of the engine spectra.
To isolate the spectral structure, a linear least-squares fit is made through each 
spectrum individually and subtracted from it. The results for the engine spectrum 
(diesel fuel) and the seeded spectrum shown in Fig. 4.3 are depicted in Fig. 4.4; we 
will refer to these by “CH2O structure” . Subsequently, both CH2O structures are 
normalised (by ( ^ p f ) 1/2; pi are the pixel values) and then the engine spectrum is 
scaled to the seeded spectrum by ^-minimisation. The value of the scaling factor a 
(a < 1 by definition) is interpreted as that part of the structure in the engine spectrum 
that can be ascribed to CH2O. Of course, this procedure always produces a value for
a , even for engine spectra in which hardly any spectral structure is observable at all. 
There is, however, a clear correlation between the value of the scaling parameter, a , 
and the intensity of the CH2O structure, as can be seen in Fig. 4.5. Large values of a 
invariably correspond to large intensities of the CH2O structure. This correlation can 
be used to determine a threshold value a thr for the scaling factor a. For a > a thr we
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Figure 4.4: Spectra after subtraction of the linear fit, see text for details. This example 
represents a good match between both spectra, for which a = 0.93
a
Figure 4.5: Intensity of the spectral structure vs. a, for n-heptane as a fuel, SoD at 4.5° be­
fore TDC (bTDC). The threshold value for a has been determined from the intersection 
of the trend line through points in the region of high fit parameter values and the average 
spectral structure intensity for low fit parameter values. The fluorescence band of light (like 
shown in Fig. 4.3) has been binned into 4 parts, on a single shot basis, to obtain more data 
points without significantly sacrificing signal to noise ratio.
assume the unequivocal presence of a CH2O contribution to the measured spectrum. 
This threshold value for a  has been determined by taking the trend line through 
points in the region of high fit parameters values, which intersects the average spectral 
structure intensity for low values of a. We use a thr =  0.5.
When a < a thr we consider the structureless background not to contain a formalde­
hyde contribution. For those spectra for which a > a thr, the contribution of CH2O 
fluorescence to the background was determined. Again, the library of seeded spectra 
was used, which consist of structure and background from CH2O only. From each 
seeded spectrum (at a given combination of (p, T )) two quantities were extracted: the 
total fluorescence intensity, I , and the intensity of the spectral structure, S . The total 
CH2O fluorescence intensity I  = I (p ,T ) is taken as the sum of all pixel values in a 
seeded spectrum, and the CH2O spectral structure intensity S  = S (p ,T ) (Fig. 4.4) 
is taken as the sum of the absolute pixel values of the CH2O structure (see above).
Their ratio y (p , T ) = f I / S  is assumed to be independent of chemical environment, as
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Figure 4.6: Ratio 7 (T) of CH2O total intensity and CH2O spectral structure intensity vs. 
temperature.
explained above. By definition, 7 (p ,T ) > 1. This I / S  ratio 7  is a measure for the 
contribution of the spectrally unstructured CH2O fluorescence to the total CH2O fluo­
rescence intensity. It is assumed to be valid for engine spectra as well. In the range of 
interest for the present experiments (that is, 0.12-0.14 MPa nominal boost pressure; 
inlet air heating up to 40 °C; CA near TDC), no significant change in the I / S  ratio 
was observed with pressure, and we found that y (p , T ) could be parameterized, by a 
simple expression involving temperature only
Y(p ,T ) =  y (T ) =  -5.22 +  0.011T +  3.7 • 10“ 6T 2 (T in K) (4.1)
as shown in Fig. 4.6. Using this parameterisation, the total CH2O fluorescence inten­
sity in an engine spectrum, IT can now be derived from the intensity of the spectral 
structure in an engine spectrum, S e by
t _  \  Y (T)aSe if a > athr (A
It  = \  0  if a  < a air ( 4  2)
The spectral structure intensity from CH2O (i.e. a S e) will be denoted as S^H2O.
4.5 M ethod  o f quantification
A variety of phenomena has to be accounted for in transforming the CH2O LIF signals 
into concentrations, i.e. the attenuation of the laser sheet and fluorescence trapping, 
the thermal population of the level probed, the loss of population in the excited state 
by quenching and internal conversion and the collection efficiency of the detection 
system [85]. The crank angle dependent fluorescence of the seeded CH2O provides 
the pressure- and temperature-dependence of the LIF intensity (in air). By varying the 
boost pressure of the motored engine, the in-cylinder pressure can, to some extent, be 
varied independently. Two measurement series for the CH2O LIF intensity vs. crank 
angle (CA) are shown in Fig. 4.7. The data basically show that the CH2O fluorescence 
intensity is independent of pressure and temperature, implying that a change in the 
number density (by a volumetric change) is balanced by an altering LIF yield per
4.5. Method of quantification 41
time ( 0 a T D C )
Figure 4.7: Fluorescence intensity (formaldehyde is the only contributor) for seeded spectra 
at different crank angles, at nominal boost pressures of 0.12 MPa and 0.14 MPa, along with 
p and T for a nominal boost pressure of 0.12 MPa. Note that for an engine run, CH2O is 
typically observed only a few CA around TDC.
Figure 4.8: Transmission of the laser sheet through spray 1 (n-heptane), derived from N2 
Raman scattering; SoD at 4.6° bTDC, probed through center, 6.5 mm below the cylinder 
head.
molecule. We will assume that this also holds in the fired engine, so that the CH2O 
LIF intensity is influenced only by differences in chemical environment (as compared to 
the seeding measurements) and by attenuation of the laser sheet and the fluorescence. 
This is justified by the fact that CH2O is observed mainly before the onset of the fast 
pressure rise, i.e. when the in-cylinder conditions still resemble those in a motored 
engine.
To assess the influence of the chemical environment, CH2O was seeded into a fired 
engine. At crank angles when fuel vapour is already around, but just before CH2O 
is formed by combustion, the intensity of CH2O stucture shows a decrease of roughly 
25% relative to a run without fuel injection. This is a combined effect of changes in 
quenching rate and optical transmission (around 90%, Fig. 4.8), indicating that the 
intensity might be influenced by a change in chemical environment, but not critically 
so. The change in quenching rate of around 15% relative to the motored engine is 
taken as the uncertainty in the quenching rate.
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The laser sheet attenuation by spray 1 has been estimated by comparing the N2 
Raman intensity in between the two sprays (Fig. 4.1) in a motored cycle to that of 
a fired cycle. The assumption here is that, at a given boost pressure, the N2 density 
is a function of crank angle only, whether or not fuel is injected. That is, the small 
density increase due to the injected fuel is neglected. Since the Raman scattering 
intensity is proportional to the incident laser intensity, irrespective of the chemical 
environment, it can be used for laser sheet attenuation measurements. The region 
where scattered light from the injector interferes with the Raman signal has been 
excluded from analysis. The transmission through spray 1 is depicted in Fig. 4.8 
(start of delivery at 4.6° bTDC). The attenuation is seen to gradually increase with 
time after SoD (aSoD), plotted only for the range of interest for CH2O. We have used 
the trend line depicted in Fig. 4.8 to correct for laser intensity variations with crank 
angle. The trend line indicates the total attenuation caused by spray 1 and sets an 
upper limit to the effective attenuation used to correct the spatially integrated CH2O 
spectral structure intensity. Fluorescence trapping by soot and PAHs (large and/or 
ionised PAHs can absorb significantly between 408 and 448 nm [8 6 ]) is estimated to 
be much less significant than the laser sheet attenuation, as the path the fluorescence 
has to travel through the attenuating spray is shorter than the absorption path of 
the laser sheet. Moreover, the highest soot concentrations occur downstream of the 
CH2O region. Only late in the stroke, during the quasi-steady state combustion, 
when hardly any CH2O is detected, PAH might partly overlap with CH2O [72] and 
fluorescence trapping may be an issue. We decided to neglect fluorescence trapping. 
Window fouling along with laser intensity has been tracked by monitoring the N2 
Raman intensity regularly during a motored run.
To assess the temperature of the air that mixes with the cold fuel, in-cylinder 
air temperatures prior to combustion have been derived from in-cylinder pressure 
measurements (see Sec. 3.2.1). For typical values of 0 in the probe volume (between 2.0 
and 3.5, see Section 4.6.2), adiabatic mixture calculations indicate that the relatively 
cold fuel induces a cooling of the air-fuel mixture of typically 200 K relative to the in­
cylinder air. Once the combustion has started, the pressure is expected to be uniform 
throughout the cylinder, but the temperature may exhibit large spatial fluctuations. 
Simulations show, however, that by the time CH2O is formed, not much heat has 
been released yet. A typical result for the homogeneous reactor is plotted in Fig. 4.9, 
suggesting that the local rise in temperature does not exceed about 300 K. As a 
combined effect of cooling due to the cold fuel and heating by chemistry, we assume the 
local temperature to rise only around 100 K above the global mean air temperature as 
extracted from the in-cylinder pressure curve. Only when CH2O starts to be consumed 
rapidly during the rapid rise of the rate of heat release (RoHR), this estimate will 
probably be too conservative.
The local temperature is estimated to be uncertain by 100 K, which boils down to 
a 2 0 % uncertainty in the measured concentration, caused by the strong dependence 
on temperature of the background contribution due to CH2O. From the seeded mea­
surements, it is concluded that the product of CH2O concentration and laser intensity 
is uncertain by 12%, as estimated from fluctuations in the fluorescence intensity. The 
quenching rate is uncertain by 15%, as described above and the laser sheet transmis­
sion is uncertain by 10%. Taking these and some other (minor) uncertainties together, 
like the window fouling correction via the N2 Raman signal and a slight uncertainty
4.6. Results and Discussion 43
time (ms)
Figure 4.9: Simulated CH2O concentration (LLNL PRF mechanism) vs. the time elapsed 
after the chemistry has been “switched on”, along with the temperature for a homogeneous 
reactor of n-heptane and air. The equivalence ratio is 2.5, the initial temperature 780 K, 
and the pressure is 4.38 MPa
in absoption cross-section within the temperature error bar, we estimate the accuracy 
of the CH2O concentration, up to the rapid rise of the RoHR, equal to 40%. After the 
onset of the hot combustion, the local uncertainty in temperature increases, resulting 
in an increase in the error to about 50%.
4.6 R esu lts and D iscussion
4.6.1 E xcitation  of the 40 and 4(1)20 bands, a com parison
Both the excitation of the 40 band and of the 4020 band were investigated. For the 
former, the readily available 3rd harmonic of the seeded Nd:YAG laser was used, 
for the latter the frequency doubled output of the dye laser. The tuning range of 
the dye laser allowed to scan off-resonance. The simulation program PGOPHER 
[76] indicated that, under typical engine conditions, the absorption cross-section of 
CH2O would be about 3.5 times higher at the maximum of the 4020 band than for the 
wavelength range in the 40 banda. This would facilitate a higher ratio of formaldehyde 
to non-formaldehyde fluorescence, providing a route for 2D fluorescence images that 
are easier to interpret.
The seeding measurements provide well-defined conditions to study the excitation 
efficiency ratio. This quantity is defined here as the fluorescence yield upon excitation 
with the dye laser, divided by the fluorescence yield upon excitation with the 3rd 
harmonic, both normalised by the respective laser intensities. 2D data were integrated 
over the field of view. The result as a function of crank angle (i.e. temperature and 
pressure) is given in Fig. 4.10. The increasing efficiency ratio with crank angle is 
ascribed to a different dependence of the absorption cross-section on p and T for both
aThe oscillator strength for the 4q band was not listed. It was derived from the absorption spectra 
reported by Co et al. [87].
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Figure 4.10: Excitation efficiency ratio as a function of CA. The pressure and temperature 
as a function of CA are portrayed as well.
vibrational bands, as is predicted by PGOPHER. At engine conditions near TDC, 
the ratio is 1.1 ±  0.4, in contrast to the predicted factor of 3.5 mentioned above. In 
the fired engine, an efficiency ratio of 1.5 ±  0.3 was obtained. The reason behind this 
discrepancy between experiment and prediction by PGOPHER is still unclear.
To investigate what part of the dye-laser-excited fluorescence originates from 
CH2O, formaldehyde was excited both on- and off-resonance. For on-resonance, a 
wavelength close to the maximum absorption cross-section (339.017 nm), as calcu­
lated by PGOPHER, was chosen. The off-resonance wavelength was 348.6nm, chosen 
to make sure not to excite formaldehyde via the adjacent 40 and 4§ bandsb. The total 
integrated fluorescence I totai for the on- and off-resonance wavelength, using the spec­
trograph, is depicted in Fig. 4.11. Both fluorescence signals show a similar behaviour 
as a function of crank angle, which indicated that the off-resonance fluorescence is 
also related to cool-flame phenomena, like the on-resonance CH2O fluorescence. Both 
peak around 5° aSoD, but the off-resonance fluorescence intensity only reaches about 
55% of the on-resonance fluorescence intensity.
The same ratio between on- and off-resonance fluorescence was observed when 2D 
images were taken, using optical filters rather than a spectrograph. This is in line 
with the expectation, as the SPF450 filter used transmits in the same wavelength 
range as the range used with the spectrograph. Excitation of other cool-flame species 
is also suggested by 2D images, as on- and off-resonance images generally have the 
same spatial structure.
The difference between on- and off-resonance fluorescence intensity is not necessar­
ily ascribed completely to CH2O, as many cool-flame species absorb stronger towards 
the UV, e.g. aldehydes and ketones [8 8 , 89]. This is corroborated by the method 
derived in section 4.4 to extract the total CH2O fluorescence from the CH2O spectral 
structure intensity. Applying this method, the CH2O spectral structure intensity (not 
given in Fig.4.11) at the time of the maximum in on-resonance signal was multiplied
bA scan in a Bunsen burner (atmospheric pressure) showed no formaldehyde spectral stucture in 
the fluorescence emission spectrum at this wavelength.
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Figure 4.11: Total fluorescence for on- and off-resonance, and the rate of heat-release (solid 
line) as derived from the in-cylinder pressure curve.
by 8 .6  (using Eq. (4.2) for T =  950 K) to get the total CH2O fluorescence. At this 
time, however, the difference between the on- and off-resonance fluorescence is larger, 
i.e. roughly 18 times SqH2o , indicating that indeed the difference between on- and 
off-resonance cannot be ascribed completely to fluorescence from CH2O.
Because of its robustness, higher output power and the slightly lower relative non­
formaldehyde background, the 3rd harmonic of the Nd:YAG laser was employed for 
the CH2O measurments during combustion.
4.6.2 C H 2O concentration  and com parison to  num erical data
Figures 4.12a and b show the experimental CH2O concentration for n-heptane as 
a fuel, obtained by excitation at 355 nm, and the simulated concentrations for ho­
mogeneous reactors in a range of initial conditions (see caption), respectively. The 
simulations depicted have been performed with the LLNL PRF mechanism, yield­
ing CH2O concentrations of roughly 15% higher than the concentrations given by 
the Peters mechanism, for equivalence ratios between 2.0 and 3.5. This is the range 
of equivalence ratios in the FOV for the present diesel spray, as has been derived 
from the Schlieren measurements in the Eindhoven high-pressure high-temperature 
cell (EHPC) [90], using the model of Naber and Siebers [57]. The experimental con­
centration is about a factor of five lower than the concentration calculated for the 
LLNL PRF mechanism. The simulated concentration should be regarded as an upper 
limit, however, as in the engine not all fuel ignites simultaneously. This has also been 
suggested by Hildingsson et al. [91] who showed that naturally occuring formalde­
hyde might serve as a fuel tracer. Note also that the experimental concentration is 
an average over the FOV. In the center of the FOV, the concentration is consistently
1.5 to 2 times as high as the average, as can (qualitatively) be seen in Fig. 4.13a. 
The reason behind these differences in concentration in the radial direction will be 
addressed in section 4.6.5. Considering the error bars, the concentration in the center 
of the FOV is in reasonable agreement with the simulated concentration.
For experiments with diesel in spray 2, the CH2O spectral structure intensity
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Figure 4.12: (a) Experimental CH2O concentration for n-heptane as a fuel vs. °CA, along 
with the RoHR. (b) Simulated CH2O concentration using the LLNL PRF mechanism, for 
p = 4.38 MPa and a range of initial mixture temperatures.
is comparable to that for n-heptane as a fuel and as such, the concentrations are 
comparable as well.
4.6.3 Tem poral inform ation for different injection  tim ings
A typical fluorescence band of light is depicted in Fig. 4.3c. The spray was probed close 
to the spray axis, with a laser sheet of about 2 mm in width, traversing the cylinder
6.5 mm below the cylinder head. Thus, the laser sheet intersects the spray 4.6 mm 
below the injector. A small sheet width was chosen in order to achieve some degree 
of spatial resolution. The CH2O structure on top of a background can be seen as the 
four brighter vertical bands of light in Fig. 4.3c. The area where the band of light 
was present below the injector (Fig. 4.3c) was subdivided in typically 7 spatial parts 
of 5 strips (strip: row of pixels) and these separate parts (integration over five strips) 
were analysed individually. For these seven parts, the temporally resolved intensity 
of the CH2O spectral structure (extracted via the method described in section 4.4) is 
depicted in Fig. 4.13a.c The brightness of a single square indicates the intensity of the 
CH2O spectral structure for one of these spatial parts for a certain time aSoD. The 
brightness of each square is linear with the value of SCH2O, where black and white 
mean no signal and maximum signal, respectively. The spatial parts are displayed 
along the ordinate. The CH2O spectral structure intensity from Fig. 4.13a was 
integrated over the seven parts of five strips. The result from integration is plotted in
cHere, ‘axial distance’ refers to the distance from the injector, parallel to the cylinder head. Since 
the spray angles down under 100 with the cylinder head, the distance in the axial direction of the 
spray is 1.5% larger.
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Figure 4.13: (a) S'eH20 from the center of spray 1 as function of time aSoD (same scaling 
as in c)) and distance from injector. The grayscale is linear in intensity, black and white 
mean no signal and maximum signal, respectively, as indicated by the colorbar. The FOV 
ends at 36.5 mm. n-Heptane was used as a fuel, SoD was 4.6° bTDC. The probe height was 
6.5 mm below the cylinder head and the sheet was only 2 mm wide. (b) SCjH20 from a) 
space integrated vs. time aSoD. (c) As in b), but SoD at 14.6° bTDC
Fig. 4.13b vs. time aSoD. The figure shows clearly that the CH2O is formed before 
the start of the main heat release, it peaks around the start of the rapid rise of heat 
release and decreases fastly once more heat is released, corroborating the result of 
Kosaka et al. [50] and Lachaux and Musculus [82]. The timing of CH2O appearance 
shifts along with the heat release, as illustrated by the two injection timings shown. 
The CH2O spectral structure intensity from spray 2 is plotted in Fig. 4.14. The 
laser sheet traversed the cylinder at 5 mm below the cylinder head, had a width of
7 mm and was 0.2 mm thick. Even though the CH2O structure remains longer visible 
than for spray 1 (most probably because of the strong attenuation experienced in 
spray 1 , later in the stroke), it still almost disappears before the end of the injection. 
Occasionally, a little bit of CH2O is detected during the diffusion burn, close to the 
injector where the hot combustion has not yet started.
For diesel, the intensity of the CH2O spectral structure as a function of time is 
shown in Fig. 4.15 and the result is similar to the result for n-heptane. Again, 
formaldehyde shows up before the main heat release and is consumed rapidly when the 
combustion temperature rises. The spectral measurements allow to identify formalde­
hyde even when the soot luminosity starts to rise. For spray 2, CH2O is again de­
tected until later in the stroke. The difference between both sprays is larger than
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Figure 4.14: CH2O spectral structure intensity for SoD at 4.5° bTDC, spray 2, n-heptane 
as a fuel. The laser sheet was 8  mm wide and 0.5 mm thick, traversing the cylinder 5 mm 
below the cylinder head. (a) Time and space resolved intensity of the CH2O spectral struc­
ture. The abscissa gives the time aSoD, the ordinate the distance from the injector. (b) 
Intensity of the CH2O spectral structure in a) spatially integrated.
Figure 4.15: SCH2O for diesel, SoD at 4.5° bTDC. The laser sheet was 7 mm wide, probing 
the fuel spray 7.5 mm below the cylinder head.
for n-heptane, in line with expectation since diesel gives rise to significantly more 
attenuation.
Note that for exceptionally late injection, starting at 3.5° aTDC, the formaldehyde 
fluorescence does not go down to zero later in the stroke, as illustrated by Fig. 4.16 for 
n-heptane, spray 2. This indicates that the combustion never advances fully into its 
second hot stage, in accordance with results reported in Ref. [82] for a large ignition 
delay. From the indicated mean effective pressure (IMEP) it can also be inferred that 
the combustion is incomplete. The IMEP is 306 kPa for this injection timing, while 
for an equally long injection duration starting at 4.5° bTDC, the IMEP is 353 kPa.
0 2 4 6 8 10 12 
time aSoD ( °CA)
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Figure 4.16: SqH20 for SoD at 3.5° aTDC, 15° injection duration, n-heptane as fuel, spray 
2. The laser sheet was 7 mm wide, probing the fuel spray 3.5 mm below the cylinder head.
4.6 .4  R elation  betw een C H 2O fluorescence and to ta l fluores­
cence
In  a  spray
Detection of light from a spray in the formaldehyde emission wavelength range does 
not necessarily imply occurrence of CH2O. To make this statement more quantitative, 
Fig. 4.17a displays the total amount of light (P ) detected vs. the fit parameter a 
(see section 4.4). Timings later in the stroke have been excluded in order to refrain 
from taking into account significant contributions from PAH and soot. Beyond the 
threshold value for the fit parameter (to the right of the dotted line a thr =  0.5), part of 
the light is ascribed to CH2O. Below a thr, still light intensities of 25% of the maximum 
occur, while none of it is likely to originate from CH2O. Note that the graph serves 
only as a typical example. The number of occurrences below a thr depends, amongst 
others, on the measurement position in the spray. It can be concluded that one has 
to be careful in ascribing fluorescence to formaldehyde, even at timings around the 
maximum of CH2O fluorescence.
Fig. 4.17b displays the average ratio of the total CH2O intensity ( I t , structure 
and background due to formaldehyde) and the total amount of light, vs. time aSoD, 
using the same data. Only data points for which it was decided that CH2O was 
present (i.e. a > a thr) were taken into account. The ratio does not critically depend 
on measurement timing. This rather constant ratio suggests that the background 
signal is related to CH2O and originates from other species formed during the cool­
flame period, like other aldehydes and ketones (that might be around in significant 
quantities), as has also been suggested by Amneus et al.[70]. Literature was checked 
on spectroscopy of aldehydes and ketones to see how these species might fluoresce in 
the present detection wavelength range. Unfortunately, only data on the absorption 
spectra below typical cool-flame period temperatures were found. The absorption 
and emission spectra of aldehydes and some ketones (symmetrical methyl-substituted 
acetones) have been recorded by Hansen and Lee [8 8 , 89]. They show that these 
species fluoresce in the same wavelength range as CH2O but hardly absorb at 355 nm 
at room temperature. Kosaka et al. [50] excited acetaldehyde and ketone at 355 nm in
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Figure 4.17: (a) The total amount of light P  detected vs a. The fluorescence band was 
again binned into 4 parts, on a single shot basis, as for Fig. 4.5. The abscissa denotes the 
value of the fit parameter a, the vertical dotted line its threshold value. (b) Percentage of 
CH2O (=100*It / P ) vs. time aSoD, along with the RoHR.
a test vessel (0.1 MPa, 353 K). No fluorescence between 390 and 420 nm was detected. 
Innes and Giddings [92] suggest th a t for acetaldehyde, hot bands only play a minor 
role at 523 K. At 950 K (typical cool flame tem perature), the absorption spectrum 
could well be slightly red-shifted as compared to lower tem peratures, but it is hard 
to estimate to what extent this might contribute to emission.
The dye laser experiments shown earlier suggest th a t at 348.5 nm (off-resonance 
for formaldehyde), cool flame species are excited. Thus, they might contribute -  
although with lower intensity -  to the fluorescence at 355 nm excitation as well.
To conclude this part, we think the non-formaldehyde background originates for 
a significant part from cool flame species and th a t interpreting the fluorescence as 
indicative for the cool flame is a sensible approach. In the spray, however, fluorescence 
upon 355 nm excitation cannot be interpreted unequivocally as indicative for CH2O.
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Figure 4.18: Schematic picture of a steady-state flame. The width of the CH2O region 
depends on the actual stage of the flame development.
P C C I /H C C I  co n d itio n s
Premixed charge compression ignition conditions were obtained by injecting only be­
tween 24.5° and 16.0° bTDC. The cool flame started  well after the end of the injection 
at around 14.0° aSoD. In this situation, the probability of detecting significant flu­
orescence in the case of a  being below its threshold, was clearly smaller than  under 
spray conditions. Even when the CH2O fluorescence signal decreased (interpreted as 
consumption of CH2O), this probability remained low. These data suggest th a t in 
PCCI (and HCCI) measurements, interpreting the fluorescence as originating from 
CH2O is probably justified.
4.6.5 Spatial inform ation
Fig. 4.13a shows th a t CH2O in spray 1 first appears near the injector, then expands 
its range further downstream, and finally disappears, with its range retracting to ­
wards the injector. We believe the extension of CH2O in more and more downstream 
direction is mainly CH2O travelling down the jet rather than  local formation as the 
distance from the injector is correlated to the time after injection. The speed at which 
the CH2O signal propagates radially outward corresponds to the fuel vapour speed of 
5.0 ±  0.5 mm/°CA. The vapour speed was determined from Schlieren measurements 
in the EHPC using the same injector type, fuel injection pressure and ambient condi­
tions as in the engine experiments. Formaldehyde retreating towards the injector has 
also been observed by Lachaux and Musculus [82] for low-temperature combustion. 
We ascribe it to consumption during the hot combustion stage because the retreat 
coincides with the fast rise in the rate of heat release. Separate high-speed images 
show th a t the hot diffusion flame approaches the injector as indicated by the upstream  
propagation of luminous soot (see supplementary m aterial in Ref. [75]). For the SoD 
=  4.6° bTDC case, the increase in tem perature closer to the injector is corroborated 
by OH LIF measurements (not shown here), indicating th a t OH typically emerges at 
8 ° aSoD and th a t it gets as close to the injector as CH2O within 1 °CA later.
The results can be cast into the following schematic picture (Fig. 4.18) for the 
“life-cycle” of CH2O: in going from the injector to the spray-tip, one essentially follows 
the time-axis of a package of fuel, somewhat complicated by the still developing flame. 
The cold fuel in the package entrains hot in-cylinder air, evaporates, and after a while 
it ignites and CH2O is formed. Finally, hot combustion sets in and formaldehyde is 
consumed. Due to inhomogeneity in the spray, fuel ignites over quite a time span 
for different packages. For formaldehyde, this means tha t its formation occurs in 
a range of distances from the injector, as depicted in Fig. 4.18. Because of the 
developing flame, tem peratures and pressures continue to rise, and new fuel packages
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Figure 4.19: Upper part: 2D images for 355 nm excitation, n-heptane as a fuel, SoD at 
4.6° bTDC and 15° injection duration. The laser sheet was 7 mm wide, the probe height 
5 mm below the cylinder head. The numbers above the snapshots denote the time aSoD 
(°CA). Two characteristic snapshots for each timing are given. All snaphots have the same 
intensity scale. At the left side, a schematic view of the spray is shown. The meaning of 
the rectangles overlaid on the snapshots is given in the text. The rate of heat release and 
integrated intensity, averaged over 5 laser shots is depicted in the lower part. The area of 
integration is given by the white dotted rectangle in the lower left snapshot, taken such to 
exclude fluorescence from the liquid spray.
advance earlier into the hot combustion stage, resulting in CH2O retreating towards 
the injector.
A time sequence of 2D images in Fig. 4.19 shows the consumption of CH2O 
towards the injector, in the center of the spray. Spectral data  (recorded seperately 
from the 2D images) are of help in interpreting these 2D data. The higher intensity 
closer to the injector is most likely caused by scattering from the liquid spray. The 
signal first grows stronger in time and progresses downstream. Then, CH2O retreats 
towards the injector, coinciding with the start of the rapid rise of the RoHR. Spectral 
data  from the area indicated by the grey rectangle at 7.8° aSoD suggest th a t the 
fluorescence here is not likely to originate from CH2O. Its presence cannot be ruled 
out, however, as in some strokes, some CH2O structure was seen downstream. The
4.7. Conclusions 53
strong fluorescence in the regions of the grey dotted rectangles at 8.3° and 8 .8 ° aSoD 
originates from (precursors of) soot. Note th a t the width of the slot did not allow to 
image the outer part of the spray (in swirl direction).
The literature seems to contain conflicting results as to whether or not formalde­
hyde disappears completely later in the combustion stroke. In [72] (21% O2, mod­
erate soot condition), Idicheria and Pickett conclude th a t CH2O persists during the 
quasi-steady state. Although they have good reasons for this conclusion, based on 
simulations and on results obtained by varying the amount of soot formed, they pro­
vide no evidence by performing spectral measurements. They remark th a t persistent 
formaldehyde during the quasi-steady state combustion might also be suggested by 
measurements reported by Bruneaux et al. [93], based on a weak LIF signal upstream  
of OH. Kosaka et al. [50], however, showed th a t the spectral signature of formalde­
hyde disappears after the start of hot combustion, even relatively close to the injector, 
where the concentrations of soot and PAH were shown to be small. In the present 
work, the CH2O structure disappears completely.
4.7  C onclusions
Formaldehyde has been detected as a function of place and time in a fuel spray in 
an optically-accessible diesel engine, for a variety of injection timings, using a novel 
technique to extract the CH2O contribution from fluorescence spectra. The method 
shows th a t a considerable part of the structureless background can be due to non­
formaldehyde fluorescence. Both the 3rd harmonic of the Nd:YAG laser (355 nm, 
excitation of the 40 band) and a frequency-doubled dye laser (339 nm, excitation of 
the 4020 band) have been applied. The excitation efficiency was found to be com­
parable for both sources, in contrast to the computed result. The Nd:YAG laser 
was preferred because of its higher power, robustness, and the lower relative non­
formaldehyde background. Formaldehyde shows up typically 2 °CA before the rapid 
rise of RoHR, relatively close to the injector and is transported downstream. Once 
the RoHR rises, CH2O retreats towards the injector, disappearing almost completely 
during the mixing-controlled combustion.
For quantification, the dependence of the LIF intensity on pressure and tem per­
ature was accounted for by using the CA-dependent LIF intensity of seeded CH2O 
spectra from a motored engine. The laser sheet attenuation was monitored using the 
N2 Ram an intensity after traversing the spray. The quenching was shown not to be 
critically dependent on the chemical environment by seeding CH2O into a fired engine. 
D ata were fully calibrated by seeding a known CH2O concentration into a motored 
engine. The most critical param eter in extracting the CH2O concentration from the 
fluorescence spectra is the local tem perature, affecting the CH2O contribution rela­
tive to the background. The experimental CH2O maximum local mole fraction for 
n-heptane (0.012 ±  0.004) is in reasonable agreement with the simulated concentra­
tion in a homogeneous reactor of n-heptane and air. Diesel and n-heptane give similar 
concentrations.
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CHAPTER 5
Relation between OH and formaldehyde in a direct-injection 
heavy-duty diesel engine
adapted from: A. J. Donkerbroek, A. P. van Vliet, L. M. T. Somers, N. J. Dam, and J. J. 
ter Meulen, submitted to Combust. Flame
A bstract
Formaldehyde and OH have been recorded simultaneously in a diesel spray in an 
optically-accessible heavy-duty diesel engine. Formaldehyde (CH2O) was excited by 
355 nm  radiation, while OH was excited around 284 nm. Both laser beams were 
focussed into a sheet, of which the overlap while traversing the spray was monitored. 
The experimental results have been compared to simulations, with special attention 
for possible regions of co-occurrence of both species. The ignition phase was modelled 
by a set of homogeneous reactors, while the diffusion combustion phase was simulated 
by a new flamelet approach, viz. a rich partially premixed counterflow diffusion flame. 
Two situations were tested, one in which the combustion started  only after the end of 
injection (short and early injection) and one with a longer injection duration where 
injection and combustion partly overlapped in time. In the former, OH initially shows 
up far from the injector and then quickly proceeds towards the injector. The position 
of OH varied significantly from cycle to cycle, suggesting th a t the combustion is 
partly governed by turbulence. W hen combustion and injection do partly overlap, 
the flame structure is much more stable. In both  cases, OH and CH2O generally form 
complementing spatial distributions, indicating th a t CH2O is consumed locally during 
the hot combustion. Some overlap between both LIF signals does occur, however and 
spatial and temporal coexistence of OH and CH2O cannot be ruled out experimentally, 
in contrast to the simulations.
Keywords: OH, formaldehyde, simultaneous PLIF, diesel spray
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5.1 Introduction
Detailed insight into the processes occurring in the reaction zone is indispensable 
in improving our understanding of diesel combustion and the associated production 
of emissions. Furthermore, it is essential for the development of predictive numerical 
models th a t can guide the design of future diesel engines having both higher efficiencies 
and lower emissions. The self-ignition of diesel fuel typically proceeds in two stages. 
The first stage, known as ‘cool flame’, is characterised by a negative tem perature 
coefficient [35] and the formation of significant amounts of formaldehyde [35, 67]. 
During the second stage, the formaldehyde is quickly consumed and the reaction zone 
is characterised by the formation of OH and CH. In this stage, the m ajor part of 
chemical energy is released. Dec and Coy performed the first measurement of OH 
in a direct injection diesel engine [25]. They showed that, at high pressure, OH is a 
good marker of the flame front. Their OH PLIF images were interpreted as a thin 
diffusion flame tha t envelopes the spray, with locally a maximum flame thickness of 
only 120 ^m. Also Kosaka et al. [50] found OH to envelope the diesel spray in a 
rapid compression machine, although in their case a markedly thicker flame appeared 
to exist. No spectral evidence of CH2O was found during the quasi-steady diffusion 
burn [50]. Bruneaux [49, 93] obtained basically the same result in a high-pressure 
high-tem perature cell in th a t OH again was found to envelope the flame. At the start 
of the development of the diffusion flame, a th in  band of formaldehyde was observed 
to envelope the region of OH. This band of CH2O was quickly consumed. The CH2O 
was reasoned to originate from the premixed burn, from a fuel-lean area at the edge 
of the spray. The presence of this layer of formaldehyde would be characteristic for 
the situation of a long ignition delay, where the ample mixing time allows lean area’s 
of significant size to emerge. A weak spectrum  of formaldehyde, just upstream  of the 
lift-off location was observed during the whole of the diffusion burn period.
T hat observation is interesting because the picture of the two-stage ignition of 
diesel fuel indeed would imply th a t CH2O and OH are spatially separated, with the 
former occurring immediately upstream  of the latter. In order to see properly how 
CH2O and OH relate, these species should be visualised simultaneously during the 
same injection event. Due to large cycle-to-cycle fluctuations, phase averaging in this 
case is not an option. OH and CH2O have been measured simultaneously in a variety 
of premixed flames [94-96]. In these studies, the product of these two species densities 
is interpreted as a measure for the local rate of heat release [94].
For diesel spray combustion, simultaneous detection of both species has been per­
formed by Idicheria and Pickett in a high-pressure high-tem perature cell [72], by de­
tecting OH chemiluminescence simultaneously with CH2O PLIF. They showed that, 
at low-sooting conditions, CH2O is found upstream  of the flame lift-off location. The 
line-of-sight nature of chemiluminescence measurements, however, restricts the spa­
tial interpretation of the CH2O signal, and no definite conclusions could be drawn 
on the possible spatial overlap of CH2O and OH. Bruneaux [49] also studied diesel 
spray combustion in a high-pressure high-tem perature cell, as already alluded to. The 
simultaneous LIF measurements of OH and CH2O indicate th a t OH and CH2O form 
complementing structures.
In an optical diesel engine, Genzale et al. carried out simultaneous OH en CH2O 
PLIF measurements, for low-temperature combustion, adopting simulated EGR and
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a short injection duration such tha t ignition occurred only after the end of injection. 
OH and CH2O form complementing structures, suggesting th a t locally CH2O is con­
sumed rapidly during the second-stage combustion. Chartier et al. [97] performed 
measurements in an optical heavy-duty diesel engine using a reduced number of in­
jector holes (3). Here, the 355 nm LIF is interpreted explicitly as partly-oxidised fuel 
(POF). Again, OH and the PO F do not overlap spatially.
To our knowledge, no simultaneous measurements of OH and CH2O in a burning 
diesel spray with overlap between injection and combustion, in an optical heavy-duty 
diesel engine with a conventional number of injector holes have been reported. We 
here investigate how the spray transits from its cool flame stage where formaldehyde is 
formed, to the diffusion burn stage where the formaldehyde initially formed is largely 
consumed and OH shows up. Measurements are compared to simulated results on 
the relation between OH and formaldehyde in a counterflow diffusion flame. The 
paper is a follow-up of an earlier paper [58] where the first-stage ignition was studied 
via the formation and consumption of CH2O in a diesel spray, in the same optical 
engine. Spectral emission data, upon 355 nm LIF excitation from th a t paper are used 
here. These spectral data  indicate what part of the signal upon 355 nm excitation 
can be ascribed to CH2O and possibly other cool-flame species, rather than  to soot 
and PAH. Here, the relation of formaldehyde with OH as an indicator of second-stage 
combustion is studied. The counterflow diffusion flame simulations are part of a larger 
combustion-modelling campaign in the Eindhoven group.
Results are presented for n-heptane as a fuel. Measurements were also performed 
using low-sulphur diesel as a fuel, but in th a t case the strong non-formaldehyde back­
ground fluorescence upon 355 nm excitation prohibited interpretation.
5.2 E xperim ent
5.2.1 Engine
In Table 5.1, the specifications of the optical six-cylinder heavy-duty diesel engine are 
listed, and Fig. 5.1 shows the layout of the optically accessible measurement cylinder.
For optical access, the measurement cylinder is equipped with two side-windows and 
a piston window. Two opposite slots (12 mm high and 9.5 mm wide) machined in 
the piston crown allow observations and laser access through the side windows even 
at top dead centre (TDC). Owing to the limited width of the slot, the spray cannot 
be fully probed by the laser sheet (around 55% perpendicular to the axial direction at 
the most downstream position visible, percentage increasing upstream). The results 
presented here pertain to the downswirl side of the spray as can be seen in Fig. 5.1c. 
Fuel injection into the measurement cylinder is achieved by a home-built common-rail 
(CR) system, providing full flexibility to start and end the injection. One of the eight 
injector holes was blocked, as indicated in Fig. 5.1, to prevent the laser sheet from 
being attenuated. To avoid overheating, the non-lubricated measurement cylinder 
is skip-fired with a ratio of 1:35. The engine speed is set at 1430 revolutions per 
minute and separate measurements reveal th a t it is constant to ±2%. W ith respect 
to tem perature, steady-state conditions are mimicked by (pre-)heating the cooling 
water to operational tem peratures of around 65 °C.
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Table 5.1: Specifications of the measurement cylinder.
engine type six-cylinder four-stroke DI diesel engine
bore, stroke 130 mm, 146 mm
displacement 1.939 t  (per cylinder)
compression ratio 15 (unmodified: 16)
piston bowl shape “bath  tu b ” (flat piston window)
piston bowl 84 mm
swirl number 1 .8
0  injector, #  holes 0.128 mm, 8 , one blocked
engine speed 1430 rpm
distance injector tip to 1.9mm
cylinder-head
The observed spray was irradiated in downstream direction (Fig. 5.1b and 5.1c), 
i.e. the attenuation of the laser sheet increases with distance from the injector. This 
way of imaging was enabled by blocking the injector hole at the side where the laser 
sheet entered the engine, as shown in Fig. 5.1c. Figure 5.1b shows a schematic bottom - 
up view of how the laser sheet irradiated the spray. The snapshot in this figure was 
recorded using a high-speed CMOS camera, as described in Ref. [75].
For diesel, the start of fuel delivery (SoD), i.e. the effective s tart of injection 
was determined from high-speed imaging (see Fig. S1 in [75] for a more elaborate 
description). For the other fuels, no high-speed images were available and the SoD 
was retrieved from the rail-pressure trace and the needle-lift. In all cases the SoD 
occured about 3.5 °CA after triggering the injection system.
The start of combustion was retrieved from the rate of heat release (RoHR) [56], de­
rived from the in-cylinder pressure trace, recorded by a pressure sensor (AVL QHC32). 
A straight line was fit to the region of the steepest ascent of the RoHR. The start of 
the RoHR (OdQ) was then defined by the intersection of this line with the time axis. 
This m ethod is not very sensitive to noise and yields an upper limit of 9dQ, 1.5 to 
2 °CA later in time than  the moment when the RoHR itself crosses the time axis. The 
ignition delay (via the heat release) is then determined as the difference between 0dQ 
and the start of fuel delivery (SoD). An example of typical pressure traces for diesel, 
along with the rate of heat release, is depicted in Fig. 5.2. Diesel was injected at 
120 MPa. For n-heptane, the CR system could not reach pressures beyond 90 MPa, 
even though a few hundred ppm of lubricant was added to n-heptane to boost its 
viscosity. The lubricant was checked not to affect the fluorescence.
5.2.2 LIF detection
OH LIF was induced by laser radiation at 284.018 nm, resonant with the relatively 
temperature-insensitive coinciding A2X+ ^  X 2n  (1,0) Qi(9) and Q2 (8 ) transitions. 
The laser sheet was generated by an Nd:YAG-pumped frequency-doubled dye laser 
(Radiant dye). The typical laser bandwidth was 0.20 cm - 1  FWHM, and the output 
power at 284.018 nm was around 15 m J/pulse, of which 7 m J/pulse entered the 
cylinder.
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Figure 5.1: (a) Schematic representation of the setup. The 355 nm beam is delayed by 
25 m. D: diaphragm HR355: high reflectivity mirror at 355 nm, 450 HR308: high 
reflectivity mirror at 308 nm, 450 SL1: spherical lens (sl), +300 mm focal length (fl) 
SL2: sl, fl =  -150 mm, antireflection coated SL3: sl, fl =  +400 mm SL4: sl, fl = 
-250 mm CL1, cylindrical lens, fl =  +600 mm CL2, cylindrical lens, fl =  +200 mm 
PW: piston window TW: top window SW: side window (b) Bottom-up view through 
piston window. The injector hole at the side where the laser enters the cylinder is blocked. 
The area probed by the laser is depicted schematically in the enlarged spray. (c) Side view. 
The angle between the spray axis and the cylinder head is indicated by the dotted lines.
The 3rd harmonic of the same seeded Nd:YAG laser (Continuum Powerlite Pre­
cision II 8010) probed the 40 vibrational band of the A 1A2 ^  X 1A 1 electronic tran ­
sition of CH2O at 354.82 nm. Typical pulse energies just before entering the engine 
amounted to 25 mJ.
Both laser beams were formed into a horizontal laser sheet prior to  entering the 
engine, using the optical setup as depicted in Fig. 5.1. The thickness of both sheets 
measured roughly 200 ¡im at the probe location. To separate both sheets in time, the 
355 nm beam was delayed by around 80 ns through the use of a 25 m long optical 
delay line. Fluorescence was detected through the piston window, in a direction 
perpendicular to the laser light sheets. A dichroic mirror (high reflection around 
308 nm, LaserOptik) was used to  separate OH and CH2O fluorescence. OH was 
detected by capturing radiation between 305 and 321 nm with an ICCD camera (Roper 
Scientific, ICCD 512T, 5122 pixels, 16 bits). To single out this wavelength range and
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Figure 5.2: Typical pressure curve for n-heptane (left ordinate), averaged over 20 combus­
tion events, normal inlet air, 60 0C temperature of inlet air, 1.25 bar effective boost pressure, 
injection between -4.5 and 12.5° aTDC. For the RoHR curve derived from the pressure curve 
(right ordinate), the steepest tangent to determine 0dQ is depicted as a dotted line.
reject scattered laser light as well as PAH fluorescence and soot incandescence, a 
dedicated filter set (WG305 filter, 312 nm bandpass and 358 nm short-wave pass 
(CVI)) was used, as advised by Dec and Coy [25]. As a check to see what fraction of 
the detected light originates from OH, the laser wavelength was scanned off-resonance 
to 283.918 nm. The resulting fluorescence intensity was typically only 10% of the 
on-resonance (284.018 nm) intensity. In some measurements, a spectrograph (ARC 
SpectraPro 500i, 600 lines/m m  grating) was mounted in front of the camera to obtain 
spectral information on the fluorescence. These spectra confirmed the information 
obtained from the 2D images in th a t on-resonance, a strong OH spectral structure 
was seen on top of a small background tha t was also visible off-resonance.
Formaldehyde was detected in the 390-445 nm range, employing a combination of 
a Schott GG375 filter and a short-wave pass 450 nm (SPF-450-2, CVI) filter in front 
of an ICCD camera (Roper Scientific, 576G/RB-E, 384 x 576 pixels). Both ICCD 
cameras were equipped with a 105 mm f/4.5 UV Nikkor lens.
To make sure th a t the laser sheet covered the full width of the piston slot with 
reasonable intensity, Rayleigh scattering images recorded in a non-running engine 
were used to check the intensity profile of the laser sheets.
5.2.3 A ttenuation  and spatial overlap o f th e excitation  laser 
sheets
The transmission of both  laser sheets through the spray, and the deflection and broad­
ening due to diffraction were monitored by recording the fluorescence from a cu­
vette behind the engine, filled with dilute Rhodamine 6 G dye. The setup is depicted 
schematically in Fig. 5.3. Fluorescence from the cuvette was monitored by an ICCD 
camera. The fluorescence intensity was checked to be linear with the laser power. 
From the broadening of the “blob of light” (Fig. 5.4), the distance of the cuvette to 
the spray and the length of the spray, the broadening of the laser sheet upon leaving 
the spray was calculated using straightforward geometrics. The assumption is tha t
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Figure 5.3: Schematic setup (top view) of cuvette measurements.
no injection 0 „0with combustion, 
8.10 aSoD
Figure 5.4: Fluorescence from the cuvette behind the engine, both with and without n- 
heptane injection, using the dye laser sheet. The position of highest fluorescence intensity 
is given by the crossing point of the two white dotted lines. The vertical FWHM is given 
by the white arrow.
the sheet is diffracted only upon entering the spray, based on the fact that, apart 
from being broadened, the laser sheet virtually retains its structure. Since the an­
gle of diffraction is small, the sheet enters the second side window at almost normal 
incidence and the displacement when traversing this side window is neglected. The 
same approach is followed for the deflection of the center of the laser sheet. Although 
the thickness of the sheet increases, the center hardly moves vertically, while it does 
move horizontally. The width increases with advancing combustion. At the latest 
LIF detection timings shown here, however, the full width half maximum (FWHM) 
is only around 300 fim  upon leaving the spray, not much more than  the width of the 
undistorted sheet. Roughly the same holds for the 355 nm sheet. Thus, the combust­
ing spray is neither detrim ental to the spatial resolution, nor to the overlap of both 
sheets.
From a comparison of the integrated intensity of the cuvette fluorescence between 
non-fired and fired cycles, the transmission was determined. The dye laser sheet is 
significantly attenuated later in the stroke, up to two orders of magnitude. The 355 nm 
beam suffers from attenuation to a lower extent, as was also shown in Ref. [58].
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Figure 5.5: Schematic view of the rich-PPCFF. A rich fuel-air mixture opposes an air 
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Figure 5.6: Rich-PPCFF simulation. Steady-state solution for moderate oxidizer strain- 
rate of 2000/s, n-heptane/air mixture with initial T =  700 K and 0 =  2.5, T of air is 855 K, 
p =  4.25 MPa. x: coordinate perpendicular to stagnation plane (x =  0).
5.3 N um erical Sim ulations
Conventional diesel combustion is characterized by a certain ignition delay after which 
a turbulent lifted diffusion flame establishes. To characterise the conditions pertain­
ing during the ignition period and afterwards during the established flame period, 
two different numerical models are employed. For the ignition period an ensemble of 
representative homogeneous reactors is simulated. A wide variety of initial conditions 
were chosen to mimic the possible conditions appearing during the auto-ignition event. 
The equivalence ratio was varied between 0.5 and 2.5, while the initial mixture tem ­
perature was varied between 700 and 800 K. To study the dependence of the results 
on the chemical mechanism, both the LLNL [98] and a smaller mechanism of Andrae 
[99] have been used (both mechanisms based on n-heptane). For the established flame 
period, in line with Dec’s conceptual model for a diesel spray [24], a representative 
series of rich partially premixed counterflow flames (rich-PPCFF) has been simulated 
(see Fig. 5.5 and 5.6) using Chem lD [100]. The premixed flame at the fuel side gives
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Table 5.2: Global operating conditions of the measurement cylinder. For the PCCI regime 
measurements, the injected fuel quantity was not determined.
C o n v en tio n a l d iese l co m b u stio n , n -h e p ta n e :
amount of n-heptane injected 48 ±  5 mg (8  holes opened)
inj. pressure 85 MPa
inj duration 17 °CA, from -4.5° to 12.5° aTDC
IMEP 416.0 kPa
inlet air tem perature 60 °C
effective boost pressure 1 .1  bar
P C C I reg im e , n -h e p ta n e :
inj. pressure 85 MPa
inj duration 8.5 °CA, from -19.5° to -11° aTDC
IMEP 155.2 kPa
inlet air tem perature 4 O O n
effective boost pressure 1.25 bar
an indication of the structure at the foot of the spray flame, whereas the diffusion 
flame th a t develops from the products of the premixed flame is representative for the 
situation occurring at the outer edges. The structure of such a flame corresponds 
exactly to the ’reaction speculation’ in the conceptual model as reported by Flynn et 
al. [48]. Note th a t for the rich-PPCFF, only the smaller mechanism is used to keep 
computation times reasonable.
5.4 R esu lts and D iscussion
OH and CH2O were measured simultaneously in two situations, one in which the 
injection ended before combustion started, thus creating a partially premixed, PCCI- 
like situation, and one in which combustion already started  while the spray was 
still present, conventional diesel combustion. In the former, an injection duration of
8.5 °CA (from 19.5° bTDC to 11.0° bTDC) was applied, and the combustion started 
when the injection was already over. In the second, conventional diesel combustion 
situation, a longer injection of 17 °CA (from -4.5° aTDC to 12.5° aTDC) was ap­
plied later in the stroke. Table 5.2 gives more information on the global operating 
conditions for both experimental situations.
5.4.1 PC C I regim e, n-heptane
Under PCCI conditions, PAH and soot production was suppressed and the 355 nm- 
induced LIF signal was conveniently interpretable as originating from the cool flame 
and by and large from CH2O, as shown by Donkerbroek et al. [58] by exploiting 
spectral data  from the engine. Thus, the 355 nm-excited LIF is denoted as CH2O 
LIF for the PCCI situation, although there is also some contribution from other cool­
flame species. Recall from section 5.2.2 th a t the LIF induced by the dye laser can be 
interpreted as originating from OH. Figure 5.7 shows a typical result of OH images 
overlaid on simultaneously recorded CH2O images. For every crank angle, two images
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Figure 5.7: Single shot images of OH (yellow) and formaldehyde LIF (blue) combined, for 
PCCI-like conditions. For every timing, two characteristic images are given. The time aSoD 
for the respective images is given at the top. The arrows indicate positions where the 355 
LIF and OH overlap. The LIF integration area for 355 LIF is given by the rectangle in the 
upper frame of the 11° aSoD timing, for the OH it is given by the rectangle at the 12° aSoD 
timing. A schematic of the spray position relative to the combined LIF images and of the 
laser sheet position is given at the left. The RoHR and average integrated formaldehyde 
and OH LIF intensity per timing are given by the graph.
of the combined OH and CH2O signals are presented. The colour scale for presenting 
the OH and CH2O data  is given by the coloured square at the right of Fig. 5.7. To 
enhance contrast, the colour for all pixel values below 7% of the maximum pixel value 
for the respective LIF signals was set to white, while the colour for all pixel values 
above 70% of the maximum pixel value was set to either yellow (OH) or blue (CH2O). 
A pixel with both a high OH and CH2O intensity is represented by a reddish colour. 
The laser sheets traversed the engine radially (see Fig. 5.1b), at 5.6 mm below the 
injector holes. The angle (in the plane of the laser sheet) between the spray and the 
laser sheet was 6 °.
It can be clearly seen in the graph presenting the RoHR and the CH2O and OH LIF 
signal integrated over the field of view, th a t OH shows up only after the s tart of sig­
nificant heat release. The integrated CH2O signal decreases once the hot combustion 
starts (i.e. significant heat is released). Once has to be careful however, with inferring 
from this decrease th a t the to tal amount CH2O plummets since the CH2O-LIF yield
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depends on many time-varying processes not easily accounted for (e.g. laser sheet 
attenuation, LIF trapping, and tem perature-, pressure- and environment-dependent 
quenching rate, to name a few). From the 2D images, it can be seen however, th a t 
CH2O is consumed locally and replaced by the hot-combustion product OH. OH only 
shows up after the start of hot combustion, and is initially observed far downstream 
only. It propagates upstream  after its first appearance, as can be seen at 13° aSoD, 
for instance. The position of consumption of CH2O and corresponding appearance of 
OH is highly variable. OH can initially appear both  in the centre and at the edge. 
The large variations from cycle to cycle suggest th a t (possibly small) variations in 
in-cylinder air flow and mixing have a large effect on the overall flame structure. Two 
different mechanisms, albeit not quite mutually exclusive, could be responsible for the 
upstream  propagation of OH. In going from the injector downstream, one essentially 
follows the time axis of a package of fuel. Thus, the mixing of fuel with entrained 
air increases with distance from the injector. The observed progression in time of the 
OH may then reflect the relaxed requirements on mixing for auto-ignition due to the 
increasing tem perature and pressure during the stroke (note th a t 0dQ occurs early, 
at 8.5° bTDC) Alternatively, the observed CH2O consumption and OH formation 
progress with time could be simply a result of flame propagation. It is unclear at the 
moment whether the dominant mechanism behind the more upstream  OH formation 
and CH2 O destruction is flame propagation or shortened ignition delay due to rising 
in-cylinder air tem perature and density.
To investigate whether or not the mechanism is flame propagation, the turbulent 
flame propagation speed in n-heptane at the engine conditions could be compared 
to the measured flame propagation speed. Ideally, to measure the instantaneous 
propagation speed, a laser system capable of producing at least two consecutive pulses 
in a short time interval and an accordingly fast camera system should be employed. 
As an alternative, the average speed could be determined from a large number of 
single shot measurements like presented in this paper. Calculation of the turbulent 
flame propagation speed would require additional flow field parameters.
W hen the RoHR decreases, CH2O still is observed close to the injector. This 
is indicative of incomplete combustion in lean areas, as has been reported for low- 
tem perature combustion by Genzale et al. [73, 101] and Lachaux and Musculus [82]. 
More measurements later in the stroke are required to test this hypothesis.
Generally, OH and CH2 O form complementing spatial structures, indicating th a t 
CH2O is consumed locally during the hot combustion. Up to the peak of the RoHR, 
however, both species can overlap, as illustrated by dark spots in Fig. 5.7. Some 
of these dark spots are indicated by arrows. Numerical simulations of homogeneous 
reactors presented in Fig. 5.8 predict th a t OH and CH2O should be spatially separated. 
Only in rich flames, OH would be formed before CH2 O is fully consumed. At these 
conditions, however, the predicted OH concentration would be below the detection 
limit. The CH2O LIF could originate from PAH rather than  from CH2O, as also 
reported by Genzale et al. [73] in PCCI conditions. Therefore, the spatial overlap 
observed could be an overlap between OH and PAH. Because of ongoing mixing with 
fresh air, PAH is expected to be oxidised later in the stroke. This would explain why 
the overlap is only observed when the combustion has just started.
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Figure 5.8: CH2O (thin) and OH (thick) mole fraction as a function of time (converted 
to 0 CA), for different equivalence ratios at a mixture temperature of 800 K and pressure of 
43.8 bar.
5.4.2 C onventional diesel com bustion, n-heptane
Figure 5.9 shows the results for the conventional diesel combustion situation. Just like 
with the PCCI-regime measurements, the laser sheets traversed the engine radially, 
at 5.6 mm below the injector holes. In the two images at the left (4.10 aSoD), the 
weak 284 LIF is not depicted since none of it is ascribed to OH. In a previous paper 
[58], it was shown from engine spectra th a t in a spray, when hot combustion sets 
in, cool-flame products retreat to the base of the flame whereas further downstream 
PAH and soot dominate the 355 nm excited fluorescence. Therefore, the 355 nm 
excited LIF is denoted as 355 nm LIF, rather than  CH2O LIF. As confirmed by 
the spectrometer measurements (engine emission spectra compared to OH emission 
spectra from a Bunsen burner, not shown), the 284 nm excited LIF is by and large 
from OH (except at 4.10 aSoD) and is still denoted as such.
The graph shows th a t the integrated 355 LIF decreases once the RoHR rises 
rapidly. Again, one should be careful in concluding only from the dip in to tal amount 
of 355 LIF th a t CH2O and other cool flame products are consumed, since the LIF 
signal depends on quite some time-varying processes not easily accounted for. After 
a few °CA, the intensity increases again because of PAH fluorescence and soot incan­
descence (also seen by Kosaka et al. [50]). The OH integrated LIF intensity starts to 
rise shortly after the start of the RoHR. This contrasts with the PCCI situation, in 
which it took a few °CA for OH to show up after the start of the RoHR. The reason
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Figure 5.9: Single shot images of OH (yellow) and 355 LIF (blue) combined, for spray 
measurements, SoD at -4.50 aTDC. For every timing, two characteristic images are given. 
The time aSoD for the respective images is given above. The RoHR, average image inte­
grated 355 LIF intensity (area of integration indicated by dotted rectangle at 4.10 aSoD 
timing), and the average integrated OH LIF intensity (area of integration indicated by dot­
ted rectangle at 4.60 aSoD timing) per timing are given by the graph. The colour scale used 
is the same as in Fig. 5.7.
for the ‘OH delay’ in the PCCI situation is probably the absence of newly injected 
fuel. The high degree of premixing allows a lot of chemical energy to  be released at 
once in fuel rich areas where the equivalence ratios, although lower than  in the spray 
situation, are probably too high for significant amounts of OH to be formed. OH is 
only formed when fresh air mixes with the partly combusted mixture via diffusion 
and turbulence. The mixing of fresh air through diffusion occurs slower than  in the 
spray situation where newly injected fuel pushes the partly combusted mixture axially 
outward towards fresh air.
In contrast to results reported by Dec and Coy [25], OH first propagates upstream  
during the transient period (around 1.50) after it was formed initially. This corre­
sponds to the general picture of combustion observed before in our engine, in th a t 
the hot combustion starts downstream and propagates upstream  during the transient 
period of combustion [102]. OH shows up around the periphery of the spray, re­
placing CH2O. Here, the equivalence ratio of around stoichiometric promotes second 
stage combustion with high OH concentrations. During the diffusion burn period,
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the OH distribution is pretty  stable, forming a broad structure around the centre of 
the spray where PAH and soot are formed. The relatively stable OH distribution at 
the periphery of the spray is in contrast with the PCCI condition, where OH can 
appear virtually everywhere downstream, both  in the centre and at the edge. W ith 
conventional diesel combustion, by contrast, the flame structure is predominantly de­
termined by transport of partly combusted fuel to the edge, steered by newly injected 
fuel.
The lack of OH far downstream, close to the piston bowl rim is ascribed to a t­
tenuation of the laser sheet, traversing the spray in the axial direction downstream. 
An increasing attenuation with advancing combustion was indeed observed in the cu­
vette fluorescence measurements. The bright blue regions downstream at 6.10 aSoD 
and later timings (labelled ‘b ’ as an example) probably indicate soot incandescence 
(Ref. [58]).
Generally, the overlap between OH LIF and 355 LIF is pretty  small, indicating 
th a t OH and CH2O distributions hardly overlap, in agreement with the result from 
the rich-PPCFF simulations. Yet, at the positions indicated by the arrows labelled ‘a ’, 
some overlap occurs. The low 355 LIF intensity midway through the field of view (axial 
direction) in the images for 4.6° aSoD, suggests however, th a t the 355 LIF upstream, 
in the area of overlap, originates from CH2O. This was concluded from separately 
recorded engine spectra [58], showing tha t when the total fluorescence shows a dip 
halfway through the field of view, the fluorescence upstream  originates from CH2O and 
other cool-flame products whereas the fluorescence downstream originates from PAH 
and possibly some soot. The local fluorescence dip would be the region where CH2O is 
consumed. Thus, some occasional overlap between OH and CH2O or other cool-flame 
products seems to be possible. By virtue of the finite thickness of the laser sheets, 
the local overlap does not necessarily mean th a t OH and CH2O do really overlap. 
Along the thickness of the laser sheet, the flame structure might exhibit significant 
structure, judging from the close distance between OH and CH2O in Fig. 5.9. For a 
strain rate close to flame quenching (8000/s), the distance is even only 0 .1  mm, well 
within the thickness of the laser sheet. Thus, OH could just originate from another 
height than  CH2O.
5.4.3 D iesel
W ith measurements using low-sulphur diesel fuel, it was concluded from spectral data  
th a t a strong non-formaldehyde background signal was observed, for both injection 
conditions. This background prohibited the interpretation of 355 LIF in terms of 
presence of the cool flame. From typically 2 °CA after the start of the heat release, 
the OH images (for diesel fuel) were much better interpretable, however, since both 
fluorescence spectra and excitation scans indicated th a t the non-OH background at 
284 nm  excitation was only slightly higher than  for n-heptane as a fuel (typically 20% 
of the signal obtained at on-resonance excitation). Prior to the start of the RoHR 
however, usually strong fluorescence was detected. This broadband fluorescence (iden­
tified by using a spectrograph), was attribu ted  to liquid fuel fluorescence. The liquid 
fuel evaporated more readily once the in-cylinder tem perature rose by the combustion, 
thus disappearing from the probe volume.
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5.5 C onclusions
Formaldehyde and OH have been recorded simultaneously in a diesel spray in an 
optically-accessible heavy-duty diesel engine. The experimental results have been 
compared to simulations, regarding the overlap of both species. For sensible measure­
ments, an overlap between both  laser sheets when traversing the engine is critical. 
Therefore, the laser sheets were monitored after having traversed the spray, using a 
cuvette filled with Rhodamine 6 G. It was concluded th a t both sheets do reasonably 
m aintain their shape and position within the spray. The ignition phase was modelled 
by a set of homogeneous reactors while the diffusion combustion phase was simulated 
by a rich partially premixed counterflow diffusion flame. Two situations were consid­
ered. In the first, premixed conditions were established by applying a short and early 
injection. OH shows up downstream and proceeds towards the injector. Two sugges­
tions are given as to the mechanism behind this behaviour. The position where CH2O 
is consumed by the hot combustion is highly variable, suggesting th a t the flame struc­
ture is partly governed by turbulence. OH and CH2O show complementing structures, 
indicating th a t CH2O is quickly consumed during the hot combustion stage, with OH 
as one of the reaction products. Especially just after the onset of hot combustion, 
however, some overlap between both LIF signals occurs. This overlap possibly indi­
cates a co-occurrence between PAH and OH. In the second situation studied, a longer 
injection duration was applied to create an overlap between injection and combus­
tion. OH propagates slightly upstream  after it is initially formed. The position of 
hot combustion, at the periphery of the spray, is much more stable than  in the PCCI 
situation. Generally, OH and CH2O form complementing structures, indicating th a t 
also in a spray, CH2O is consumed locally during the hot combustion, producing OH. 
Some overlap between both  LIF signals occurs, however, and spatial and temporal 
coexistence of OH and CH2O cannot be ruled out, contrasting the simulations.
W ith low-sulphur diesel as a fuel, OH could be detected without excessive non- 
OH background fluorescence. A strong non-formaldehyde background fluorescence, 
however, prohibited interpretation of the simultaneous LIF signals.
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CHAPTER 6
Soot and chemiluminescence in diesel combustion of 
bio-derived, oxygenated and reference fuels
adapted from: R. J. H. Klein-Douwel, A. J. Donkerbroek, A. P. van Vliet, M. D. Boot, 
L. M. T. Somers, R. S. G. Baert, N. J. Dam, and J. J. ter Meulen, Proc. Combust. Inst. 
32, 2817-2825 (2009)
A bstract
Cyclic fuels have recently been dem onstrated to be very efficient in soot and NO^ 
abatem ent, based on exhaust gas analysis (Boot et al., SAE Paper 2007-01-2018 
(2007)). High-speed imaging, chemiluminescence spectroscopy and thermodynamical 
characterisation are applied in order to compare ignition delay and sooting behaviour 
of bio-derived, oxygenated fuels and various reference fuels during combustion. The 
fuels concerned include the bio-derived fuels Jatropha oil (pure), Jatropha-m ethylester 
(JME) and rapeseed-methylester (RME), all containing ~10% mass oxygen, and fossil 
oxygenated fuels tripropyleneglycolmonomethylether (TPGME) and cyclohexanone, 
both  mixed with synthetic fuel to have similar to tal oxygen content. Commercial 
diesel, model fuel IDEA, a synthetic diesel fuel and a blend containing cyclohexane 
serve as reference fuels. The start of hot combustion is derived from OH* and CH* 
chemiluminescence as observed through a spectrograph. Both species appear at about 
the same time. Soot incandescence is recorded by high-speed imaging at 0.3° crank 
angle resolution (200 images/cycle). Ignition delays derived from soot incandescence 
and chemiluminescence are compared to those determined from the heat release rate. 
The heat release rate and exhaust NO concentrations are used as indicators of average 
and peak tem peratures during combustion, respectively. The soot incandescence is 
estim ated to scale with T 13 for our experimental conditions, so th a t local tem perature 
becomes a decisive factor for the interpretation of natural luminosity images. All data 
are combined to get a relative measure for each fuel’s sooting propensity. Both the 
fuel molecular structure and its oxygen content are found to be im portant for soot 
abatem ent. The cyclic fuels cyclohexane and especially cyclohexanone are found to
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produce the least amount of soot during combustion.
Keywords: bio-derived fuel, oxygenated fuel, soot incandescence, chemiluminescence, ignition delay
6.1 Introduction
Air quality concerns result in increasingly stringent emissions regulations for automo­
tive vehicles regarding NO^ and soot. To meet the legislative requirements, several 
strategies are possible, like aftertreatm ent, exhaust gas recirculation (EGR) or im­
proved fuel injection techniques for better mixing.
An alternative route receiving less attention is changing the fuel composition. 
Much work has been done on oxygenated fuels from either biological [103] or fos­
sil feedstock [41, 45, 46, 104-109], and clear differences have been found in sooting 
characteristics between various oxygenated fuels and between oxygenated and conven­
tional fuels [40, 41, 45, 106-109]. The effect of oxygenated fuels is studied extensively 
for dibutylmaleate (DBM) and TPGM E in Refs. [40, 41], which find th a t TPGM E 
outperforms DBM. The oxygenate molecular structure is found to have an effect on 
soot formation, with esters being less effective in soot abatem ent [104], as opposed to 
earlier studies (references in [104]). Literature reveals th a t an elevated oxygen con­
centration in the particle synthesis zone, for instance via fuel-bound oxygen, alters the 
particle nanostructure [1 1 0 ] and also th a t the soot oxidation rate of curved particle 
nanostructures is about 5 times higher than  tha t of crystalline ones [111]. Effects of 
fuel structure, composition and oxygen content are reviewed by Tree & Svensson [14], 
which includes over 25 different oxygenates, but no cyclic ones. In earlier work of 
our laboratory it was found th a t a cyclohexanone blend outperforms both DBM and 
TPG M E in terms of soot reduction [46].
One of the main objectives of this research is to determine how the cardinal con­
clusion from previous work on a full-metal (i .e. non-optical) engine [46], namely tha t 
fuel molecular structure (for both oxygenated and non-oxygenated fuels) is pivotal 
for the net (exhaust) soot production, manifests itself during the combustion in an 
optical engine. In Ref. [46] more fuels are tested than  in this work and also their 
oxygen content is varied (5 - 10%), but only the engine performance and exhaust 
emissions are studied there. In the current work, however, optical access provides a 
direct view at the onset of soot formation, and although the fuel oxygen content is not 
varied here, significant differences in sooting propensity between the tested fuels are 
still observed. Tem perature effects on soot incandescence are discussed by considering 
heat release rates and exhaust NO measurements for average and peak tem peratures, 
respectively [112-114].
Chemiluminescence of OH* and CH* has been used as indicator of hot combustion 
[30, 115, 116]. We have used a spectrograph to resolve the spectral difference be­
tween chemiluminescence (specific features) and soot incandescence (featureless back­
ground).
Finally, rather than  merely presenting snapshots [29, 30, 40, 117], a statistical 
analysis of the high-speed data  based on multiple consecutive cycles is presented here.
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Table 6.1: Engine parameters.
bore 130 mm
stroke 146 mm
compression ratio 14.9
swirl ratio 1 .8
piston bowl flat
skip firing 1:35
injection pressure 120 MPa
boost pressure 0.14 M Pa (abs)
boost pressure (eff) 0.11 M Pa (abs)
EGR 21 or 15 % O2
speed 1430 rpm
6.2 E xperim ental setup
6.2.1 Engine
All measurements are performed on a six cylinder, heavy-duty Diesel engine (DAF 
Trucks). One of the cylinders is modified for optical access through quartz windows 
at various locations, see Fig. 6.1. The engine settings and specifications pertaining to 
the modified cylinder are given in Tab. 6.1 The piston window (flat geometry) gives 
a view of a large part of the combustion chamber. Fuel is injected through a central 
eight-hole nozzle, driven by a common-rail system. The engine speed is constant to 
±2%. It is air-aspirated, and swirl is clock-wise in the images presented here. More 
details can be found in Refs. [19, 118].
The common-rail pressure, needle lift signal and cylinder pressure signals are 
recorded during injection and averaged over 20 cycles. The delay between injector
inlet exhaust
Figure 6.1: Schematic representation of the experimental setup (spectrograph and ICCD 
camera observing side window not shown).
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Figure 6.2: Common rail pressure transients during injection of Jatropha oil and regular 
diesel, corresponding to the measurements presented in Figs. 6 .6  and 6.7, respectively. Up 
to the end of injection, all transients reproduce to within 1% of each other. The Jatropha 
injections proceed slightly slower and exhibit much smaller pressure oscillations than all 
other fuels. Note that the horizontal scale is relative to the injector activation timing da. 
Arrows indicate the actual start of fuel delivery. dSoD is given by da +  3.5 ±  0.3° CA. In 
recording the transients there is an additional delay of w 1 .2 ° CA (diesel) or w 1.4° CA 
(Jatropha oil) due to the time it takes the pressure waves to travel back from the nozzle 
opening to the pressure sensor. The sharp pressure increase at the end of injection “water 
hammer” effect) is visible for diesel at da +  20.1° CA and for Jatropha oil at da +  21.4° CA.
activation and start of delivery (SoD) of fuel into the cylinder is determined from 
rail pressure curves, taking injector characteristics into account [119]. An example is 
given in Fig. 6.2. Details of exhaust NO measurements and analysis are given in Refs. 
[19, 120].
Two inlet air conditions have been employed, one with normal (dry) air, and one 
with nitrogen enriched air containing only 15% oxygen, to mimick (cooled) EGR 
conditions. The m ajority of measurements presented here have been obtained with 
normal 2 1 % oxygen inlet air, and this condition applies unless stated otherwise.
6.2.2 Fuels
The bio-derived fuels used are commercially available rapeseed methylester (RME), 
pure Jatropha oil (raw vegetable oil) and its methylester JME. Other fuels used are 
commercial diesel (EN590), synthetic diesel fuel (SD; straight-chain alkanes), oxy­
genated fuel TPG M E mixed with SD, model fuel IDEA (70% n-decane and 30% 
a-m ethylnaphthalene, designed to have a heat release rate very similar to th a t of 
diesel), cyclohexanone +  SD (acronymed here as CHxnO, both  fuels 50% by weight) 
and cyclohexane +  SD (CHxn, both fuels 50% by weight). Elementary data (and their 
references) about the fuels used in the experiments is given in Table 6.2, from which 
it is clear th a t the oxygen content is approximately equal for all oxygen-containing 
fuels.
The low cetane number cyclohexanone is blended with SD to obtain a cetane
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Table 6.2: Fuels used. ain %mass. bin kg/m3. Ccetane number. dlower heating value in 
MJ/kg. eRef. [46]. f Ref. [22]. gcyclohexane +  SD. ^cyclohexanone +  SD. *+SD. j Refs. 
[103, 121, 122]. fcRefs. [103, 123-125].___________________________
[O]a Pb CNC
3^
uH
diesel6 0 827 56.2 43.2
IDEAf 0 817 55 43
SD6 0 778.3 >74.8 44
CHxne,g 0 774 w 45 42.2
CHxnO6’^ 9 864 w 45 37.5
TPG M Ee,i 9.49 818.3 74.8 39.4
Jatrophaj w 1 0 919 46.3±6.2 36
JM Ej w 1 0 882 52.3±2.3 36.5
RM Efc w 1 0 879 54.5±4.9 37.3
number similar to the three bio-derived fuels. Note th a t cyclohexanone is marked 
‘X1’ and cyclohexane is marked ‘X2’ in Ref. [46]. Fuel molecular structures are 
given as supplementary m aterial (online version): CHxnO and CHxn have a cyclic 
molecular structure, th a t of Jatropha oil is branched and for TPGM E, JM E and RME 
it is linear.
6.2.3 C hem ilum inescence
The combustion luminosity is recorded through various windows (Fig. 6.1). An inten­
sified CCD camera (Roper Scientific, ICCD 512T, 5122 pixels, 16 bit dynamic range) 
coupled to a spectrograph (ARC SpectraPro 500i) equipped with a UV Nikkor f/4.5 
105 mm lens is observing through the side window, recording one image per fired 
cycle. A grating of 600 grooves/mm is used, resulting in a simultaneously observ­
able spectral range of 40 nm. Thus, chemiluminescence of OH* (310 nm) and CH* 
(430 nm) could not be observed simultaneously; they have been recorded here in sep­
arate measurements under nominally identical conditions. The volume observed in 
the combustion chamber is about 23 mm high and 5 mm wide [19]. Spectra have been 
recorded with an exposure time of 60 ¡is (~  0.52° crank angle [CA]).
6.2.4 H igh-speed im aging
A digital, unintensified high-speed camera (Phantom  V7.1, 160 kHz maximum frame 
rate, 1 2  bit dynamic range) observes the combustion luminosity through the piston 
window (Fig. 6.1). The spectral sensitivity of this camera starts at around 317 nm 
(supplementary figure online), and it is used here to record soot incandescence. To 
avoid overexposure in intensity measurements, an exposure time of 2 i s (the shortest 
possible) is used together with a filter combination transm itting roughly between 
460 and 640 nm (Schott BG 18 and GG 475). Thus, possible chemiluminescence 
contributions due to OH* and CH* are explicitly rejected. Combined with the camera 
quantum  efficiency, the system spectral response is flat within w 10%. The camera 
response linearity was checked separately. Detection of the fuel start of delivery 
(SoD) is enabled by illumination of the spray region in the combustion chamber by a
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Figure 6.3: dQ/dd and net OH* and CH* chemiluminescence signal for CHxnO combustion 
(latter two derived from Fig. 6.4, in same arbitrary units; dSoD =  —4.5° aTDC, 6dQ =  4.4° 
aTDC). Error bar for OH* indicated.
continuous-wave Ar+ laser (Spectra Physics; Fig. 6.1) and recording elastic scattering 
with a longer exposure time of 24 is .  This also allows better localization of the first 
weak soot incandescence.
The camera is synchronized to the crankshaft of the engine and operated in the 
memory gate mode. Image acquisition is triggered by injector actuation and enabled 
for 7 ms, after which it is halted until the next injection. Images are recorded every 
0.3° CA («  35 is ) ,  resulting in «200 images per injection event. A spatial resolution 
of typically 275 ¡im per pixel is obtained (158 ¡im per pixel for the diesel series).
6.3 D ata  acquisition  and analysis
6.3.1 Injection and therm odynam ics
Figure 6.3 presents the heat release rate dQ /dd versus crank angle 9 for a typical 
engine run with CHxnO. The crank angle 9SoD at which SoD occurs is determined from 
camera images with an accuracy of 0.3° CA and the delay between injector actuation 
and 9SoD thus determined is 3.5±  0.3° CA, irrespective of fuel, which corresponds very 
well to values obtained from common-rail pressure curves (Fig. 6.2). The indicated 
mean effective pressure of all experiments reported here lies between 450 and 520 kPa; 
it is approximately constant per fuel for the conditions used here.
The heat release ignition delay rdQ is determined by fitting a straight line to the 
region of steepest slope in dQ/dd, which intersects dQ/dd  =  0 at 9dQ and whence 
TdQ =  9dQ — 9SoD. Since the steep increase in the heat release rate is well defined, this 
method of determining ddQ is very insensitive to noise.
6.3.2 C hem ilum inescence
Chemiluminescence spectra of OH* and /or CH* were often found to be contam inated 
by soot incandescence. Spectra obtained from CHxnO combustion are shown in Fig.
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Figure 6.4: Raw dispersion spectra of OH* and CH* from CHxnO combustion (2 separate 
experiments; selected crank angles indicated [° aTDC]), dSoD =  —4.5° aTDC. Note the 
logarithmic ordinate and the increase in background signal level with crank angle (due to 
soot incandescence).
6.4, from which it is clear th a t the therm al soot incandescence background increases 
while combustion proceeds. While in general OH* remains visible for a long time, 
CH* is often detectable for only a few degrees, before drowning again in the increasing 
soot signal (depending on fuel sooting propensity). Net average chemiluminescence 
signals are obtained by background subtraction (2 nd degree polynomial fit), followed 
by integration of the remaining signal. Examples of OH* and CH* evolution are 
presented in Fig. 6.3. D ata like this is used to determine the crank angle 9cl at which 
chemiluminescence becomes detectable and to obtain the chemiluminescence ignition 
delay Tcl =  9cl — 9SoD. The uncertainty is about ±25% in the chemiluminescence 
intensity and about ±0.5° in 9cl.
6.3.3 Flam e structure developm ent
Phase averaged images of 1 0  consecutive injections (2 1 % O2) are shown in the left 
column of Fig. 6.5 for diesel, CHxnO, JM E and Jatropha oil, the la tter three chosen 
for their very different chemical structure (see above). Corresponding heat release 
rates dQ/d9  are shown in Figs. 6 .6  (oxygenates) and 6.7 (non-oxygenates). We have 
chosen to compare fuels under conditions of fixed Start of Delivery, 9SoD =  —4.5 °CA,
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Figure 6.5: Phase average over 10 injections (left column) and corresponding standard 
deviation (right column) of the spontaneous luminosity of various fuels. The crank angle 
of each recording [in ° aTDC] follows the fuel name. dSoD =  —4.5° aTDC, except CHxnO 
for which dSoD =  —9.5° aTDC). CHxnO images show residual light scattering below the 
injector. The dark segment in the lower left corner of some of the images is an artefact of 
the optical setup. Swirl is clock-wise. Pixel values for white are indicated in the upper right 
corners (black is minimum).
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except for CHxnO. Since the ignition delay TdQ is much larger for CHxnO than  for the 
other fuels (see below), da ta  with an earlier OSoD are selected for this fuel, such tha t 
the fast rise in dQ /d9  occurs at about the same crank angle for all fuels. The images 
shown in Fig. 6.5 are all taken at 1.2° CA after maximum dQ/dO, since around tha t 
time the early soot structure is well developed.
The phase averaged images (Fig. 6.5, left column) reveal clear differences in the 
early soot location for different fuels. This is corroborated by the corresponding
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Figure 6.6: Heat release rates and integrated luminosity for oxygenated fuels (dSoD indi­
cated). Shaded grey area represents standard error of phase averages. The crosses indicate 
the end of injection for each fuel.
standard deviation images (Fig. 6.5, right column), which exhibit the same fuel 
dependence of spatial structure, in addition to showing cycle-to-cycle variability.
Diesel and JM E have quite similar behaviour, in th a t (i) the earliest soot is de­
tected between the end of the liquid spray and the cylinder wall, and (ii) the soot 
vapour region expands both towards the injector and along the cylinder wall. (See 
supplementary m aterial for more images and movies.) For CHxnO, very weak soot in­
candescence is first detected along the full perimeter of the cylinder, and only slightly 
later a brighter region of soot grows towards the liquid core. Jatropha oil, however, 
behaves markedly different: soot originates leeward of the liquid spray, but only along 
its downstream half. Then it slowly grows towards the cylinder wall, eventually cov­
ering the whole perim eter of the field of view.
Under (quasi-)steady-state conditions the closest distance of the flame to the in­
jector (flame lift-off length, FLoL) is a measure for the amount of air th a t has been 
entrained by the spray before combustion starts. A larger distance could contribute 
to reduced soot formation because of enhanced air entrainment. Both the OH* (or 
CH*) chemiluminescence and the soot luminosity can be used as a measure for the
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Figure 6.7: Similar to Fig. 6 .6  (identical ordinates), now for non-oxygen containing fuels. 
For SMDS, data from only one injection were available.
flame lift-off length. The former is the more direct indicator of the flame location, 
but measurement of OH* chemiluminescence was beyond the capabilities of our high­
speed camera. Therefore, the location of most upstream  soot luminosity, the SLoL, 
is used here as indicator for air entrainment.
As a first step in the analysis, the image was noise-filtered by a 3 x 3 neighbourhood­
sized median filter. Then, to assess the soot lift-off length, the closest distance to the 
injector was determined where the intensity on a single pixel basis is above a certain 
threshold value. In this sense, we followed the m ethod described by Higgins and 
Siebers [115] for (OH*-based) flame lift-off assessment. The analysis was restricted to 
a cone around the spray axis, slightly rotated in the swirlwise direction, as shown in 
Fig. 6 .8 . The threshold was set to 25% of the maximum pixel value occurring in the 
cone of analysis. The result for the SLoL of the oxygenates as a function of crank 
angle is shown in Fig. 6.9. From this figure it appears th a t the SLoL converges slowly 
to a kind of common quasi-steady-state, which, however, is not really reached within
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Figure 6.8: Typical CMOS camera snapshot for diesel as a fuel. The wide cone extending 
till the end of the field of view indicates the area where the luminosity is determined. The 
spray area contains scattering from liquid fuel, and is excluded from analysis. The ’+ ’ 
indicates the SLoL.
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Figure 6.9: Soot lift-off length (SLoL) for the oxygenates and for regular diesel, all under 
standard operating conditions. The gray bands indicate the standard error calculated over 
10  injections.
the injection duration. The reproducibility of the SLoL data is good, judging from 
the rather narrow ranges of standard deviations. Again, Jatropha behaves markedly 
different from the other fuels tested. Interestingly, regular diesel fuel has a relatively 
large SLoL.
Under conditions of reduced oxygen (mimicking EG R ) the concept of SLoL looses 
its meaning, since combustion only starts at the piston bowl wall.
6.3.4 In tensity  analysis o f lum inosity
The to tal signal in a cone around a single spray, tha t is considered representative for 
the others (Fig. 6 .8 ) was taken as the measure for soot luminosity. The liquid core
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was excluded from the analysis, even though the light scattered by it will largely have 
been due to the natural luminosity.
Figures 6 .6 , 6.7 and 6.11 present the to tal soot incandescence intensity, integrated 
over the field of view (an earlier 9SoD is selected for CHxn as well, similarly to CHxnO). 
The crank angle at which the first soot is detected, 9soot, is determined from the high­
speed sequences and a soot ignition delay Tsoot =  9soot — 9SoD is calculated.
Mueller & M artin [40] have provided an excellent discussion of possibilities and 
pitfalls for evaluation of soot luminosity data. Their approach is followed here as well. 
The crucial point is th a t the spectral selectivity of a luminescence detector may give 
rise to a much steeper tem perature dependence than  the T 4-relation th a t would hold 
for a black absorber. The spectral em ittance of soot is governed by its tem perature 
distribution: a higher T  not only results in a higher to tal amount of radiation (<x T 4), 
but also may move the em ittance maximum closer to the spectral observation window. 
For the particular case of our detection system ’s spectral response (section 6.2.4), we 
conclude th a t the observed soot incandescence will scale approximately with T 13 over 
the range of 1800 — 2700 K (T 11 was found for the conditions of Ref. [40]). Clearly, 
the hottest soot will dominate the recorded signal. This hot soot is expected to be 
present at the rich side of the diffusion flame enveloping the reacting jet [40]. This is 
observed in Fig. 6.5.
For a heavily sooting fuel the soot cloud may be optically thick, causing some 
incandescence to be obscured by soot particles closer to the detector. This would lead 
to an underestim ation of the total soot incandescence and hence of the amount of 
soot. The soot volume fraction and particle size distribution, which can in principle 
be determined by laser-induced incandescence [126, 127], therefore may affect the 
observed incandescence, but its influence cannot be estim ated in the scope of this 
work.
The degree of attenuation due to window fouling has been assessed globally by 
comparing luminosity measurements under identical conditions at various points in 
time during a measurement cycle. For the two cyclic fuels, CHxn and CHxnO, no 
significant change in recorded luminosity intensity was observed. For the other fuels a 
gradual decrease in recorded luminosity by typically 1 0 % per series of 1 0  consecutive 
injections was found. We have no indications th a t this depends on whether or not 
EGR-like conditions are used. The relatively viscous Jatropha oil requires particular 
care in cleaning between measurement cycles. In the luminosity data shown, the 
estim ated corrections for window fouling are included.
6.4 D iscussion
6.4.1 Ignition  delays and cetane num ber
As discussed in the previous section, several measures for the ignition delay can be 
derived from our data, based on heat release rate, chemiluminescence, or soot incan­
descence, respectively. Ignition delays TdQ (heat release), rci (chemiluminescence of 
OH* and /o r CH*), and Tsoot (soot incandescence) are presented in Fig. 6.10a for the 
same operating points as used for Figs. 6 .6  and 6.7. The lower abscissa in Fig. 6.10 is 
labelled by the experiment sequence number; the fuel legend is included in panel (a).
6.4. Discussion 83
43 43 46 46 52 52 55 55 56 56 75 75
#
Figure 6.10: (a) Ignition delays TdQ (constituting an upper limit), Tcl and Tsoot (results for 
OH* and CH* from separate but identical runs given for most fuels) versus cetane number 
(shown on top axis, uncertainty not indicated; dSoD =  —4.5° aTDC except #3,6, where it 
is —9.5° aTDC. The different ignition delays are shifted slightly along the abscissa for the 
sake of clarity. Fuels corresponding to the numbers at the lower abscissa: 1,2,3: CHxnO, 
4,5,6: CHxn, 7,8: Jatropha pure, 9,10: JME, 11,12: RME, 13,14: IDEA, 15,16: diesel, 17: 
SMDS, 18,19: TPGME (b) Corresponding NO exhaust concentration.
For all runs 9SoD =  —4.5 °CA, except for #3 ,6  for which it is —9.5 °CA. Ignition de­
lays are approximately independent of 9SoD for all fuels (shown here only for CHxnO 
and CHxn, #1-6), and they only increase for more extreme values of 9SoD (data not 
shown). A general trend of decreasing ignition delay with increasing cetane number 
is observed, with Jatropha oil and RME being notable exceptions. It must be noted, 
however, th a t the cetane number uncertainty for bio-derived fuels is relatively large 
(Table 6.2), and also th a t Jatropha oil is preheated (~  34 °C) in order to reduce its 
high viscosity [128] for pumping purposes. Heating increases its cetane number [129], 
and may (partly) explain its short ignition delay. Nevertheless, it is not unexpected 
th a t some fuels do not follow the general trend of lower ignition delay with higher 
cetane number, since it is known th a t the cetane number is not a very good indicator 
of ignition delay for fuels whose ignition characteristics depend on tem perature in a
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different manner than  primary reference fuel blends [130, 131].
For regular diesel (#15) TdQ < rc¡ < Tsoot. For most other fuels used, these differ­
ences are much smaller or insignificant, and it also depends on the fuel in which order 
heat release, chemiluminescence and soot incandescence are observed. In general, the 
differences are not large for a given fuel (typically <  1 °CA), and of course it should 
be kept in mind th a t tc¿ and Tsoot relate to single spray only, whereas TdQ is a global 
param eter. From the data presented it is clear tha t tc¡ is largely independent of the 
species detected, so th a t either OH* or CH* can be used as an indicator for the local 
start of hot combustion. From Fig. 6.4 it follows th a t OH* yields more signal and less 
background.
6.4.2 Soot location
W ith respect to the soot formation, significant differences between fuels can be ob­
served in Fig. 6.5. (More examples in the Supplementary m aterial of the original 
article) Varying 9Sod by ±5° CA for each fuel does not yield noticeable differences, 
nor is the load variation (<  15% from fuel to fuel) expected to contribute signifi­
cantly. Ignition delay and air entrainm ent (which are related), however, are expected 
to correlate with soot incandescence.
CHxnO has a larger TdQ (Fig. 6.10a) and soot is observed at a larger distance from 
the injector (Fig. 6.9) than  for the other fuels in Fig. 6.5. An interpretation would be 
th a t more air entrainment results in a postponed diffusion flame, and consequently a 
larger SLoL. However, the SLoL may not be the best indicator for the air entrainment 
during the steady-state diffusion burn, prior to ignition. To exclude the effect of soot 
inception time, the flame lift-off length (based on OH*) should be studied as well.
For Jatropha oil, its high viscosity (40 - 54 cP [122, 128], compared to 4.6 - 5.6 cP 
for its esterified counterpart JM E and 3.5 - 5 cP for commercial diesel [122]) results 
in poor fuel atomization [129]. Combined with its relatively short ignition delay (as 
discussed above), this may explain why soot is observed much closer to the injector for 
Jatropha oil than  for the other fuels (Figs. 6.5 and 6.9). Note also th a t the Jatropha 
SLoL quickly stabilizes relatively close to the injector (at about 14 mm), while for the 
m ajority of other fuels the incandescence progresses to the injector during the first 
few ° CA after its initial appearance. A short ignition delay on its own is not enough 
for a short SLoL. For instance, the soot incandescence location of TPGM E (which 
has a similar ignition delay as Jatropha oil, Fig. 6.10a) is much larger than  th a t of 
Jatropha and even larger than  tha t of JME, which has a larger ignition delay. For 
reasons not yet fully understood, it is believed th a t the dissimilarity in viscosity is at 
least partly responsible for the observed differences in soot location for Jatropha oil.
The large SLoL we find for regular diesel fuel is surprising, judging literature. 
Pickett and Siebers [36] studied different fuels in a single spray in a high pressure 
high tem perature vessel. They found th a t soot incandescence stabilizes markedly 
closer to the injector for diesel than  for some oxygenates tested, including TPGM E 
blended with an ignition improver. Ito et al. [132] show comparable results. A possible 
explanation might be th a t our fuels contain less oxygen. More speculatively, in the 
bio-derived fuels the soot reduction due to oxygen may be counterbalanced by the 
double bonds present, which tend to enhance soot production [14].
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6.4.3 Com parison o f heat release, tem perature and soot in­
candescence
S ta n d a rd  in le t a ir  (2 1 % O 2)
The general shape of the soot incandescence curves (Figs. 6 .6 , 6.7 and 6.11) is influ­
enced by the amount of soot and, in a strongly non-linear way, its tem perature, as dis­
cussed above. An average tem perature indication can be derived from the heat release 
rate, but locally tem peratures and hence soot incandescence may deviate appreciably. 
As a measure for the local peak tem perature the exhaust NO concentration has been 
used, since in diesel combustion most NO is formed through the therm al process [120]. 
The expected correlation of increasing NO emission with higher flame tem peratures 
has been verified experimentally in divided-chamber [112, 113] and direct injection 
diesel engines [114]. This relation is assumed to hold qualitatively for the conditions 
presented here as well.
The results of exhaust NO measurements, using standard inlet air with 2 1 % O2, 
are presented in Fig. 6.10b. They clearly indicate tha t, under conditions of constant 
tim ing of the steep rise in the heat release rate, both CHxnO and CHxn have a much 
higher NO production than  all other fuels tested here. A higher NO production by 
cyclohexanone and cyclohexane blends was also observed in Ref. [46]. Consequently, 
the peak tem perature is expected to be higher as well during combustion of these 
two fuels. This is corroborated by the peak heights of the dQ /d9  curves of Figs. 6 .6  
and 6.7. Since for our experimental conditions the detected incandescence signal is 
estim ated to scale with T 13 (see above), the soot incandescence in the case of the 
cyclic fuels is expected to be strongly enhanced due to the relatively high combustion 
tem perature, as compared to the other fuels. Yet, CHxnO has the lowest of all soot 
incandescence signals presented here (and for 9SoD =  —4.5° aTDC [data not shown] 
it is even lower), and for CHxn the incandescence yield is merely comparable to th a t 
of the other fuels. Besides tha t, circumstantial evidence comes from the absence 
of window fouling during combustion of the cyclic fuels (section 6.3.4). The fast 
decrease in incandescence in comparison to the other fuels suggests th a t the soot th a t 
is produced, is rapidly oxidised. In conclusion, therefore, these measurements strongly 
indicate th a t CHxnO combustion produces by far the least amount of soot from all 
fuels discussed here.
It may be argued tha t, rather than  oxygen content or fuel molecular structure, the 
relatively large ignition delay of CHxnO may be primarily responsible for its lower soot 
production, since the large ignition delay leaves more time for mixing and combustion 
in regions closer to stoichiometric, thus reducing soot formation. However, Boot et 
al. [46] compared a fuel blend of cyclohexanone with only 5% oxygen to a DBM 
blend containing 9% oxygen. The ignition delays (t q ) of these two mixtures were 
found to be almost identical, as were their particulate m atter (soot) emissions. So 
in th a t case the mixing times are equal, yet with much less oxygen incorporated, the 
cyclohexanone blend reaches the same soot reduction. Thus, although ignition delay 
may be im portant in soot abatem ent, clearly another yet undisclosed mechanism, of 
physical or chemical nature, is expected to be responsible for the large soot reduction 
capabilities of cyclohexanone blends.
In the case of TPGM E and the biofuels JME, RME and Jatropha oil, the heat
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release rates, soot incandescence and NO exhaust concentrations are all rather sim­
ilar for normal inlet air conditions. JM E shows the highest incandescence intensity. 
Therefore, the esterification of Jatropha seems to give rise to an elevated soot produc­
tion. Indeed, esters have been reported [104] to be not so effective in soot abatement. 
Figure 6.9 shows th a t JM E forms soot close to the injector. From the oxygenates, 
only Jatropha shows a shorter SLoL.
Regular diesel shows the highest peak luminosity (Fig. 6.7b), in line with ex­
pectation. Even though CHxn has a higher luminosity than  SD and IDEA, higher 
combustion tem peratures are expected for CHxn, judging from the rate of heat release 
(Fig. 6.7a) and the NO concentration in the exhaust gas. Thus, while the considera­
tion of tem perature makes is hard to conclude how the peak amount of soot of CHxn 
relates to tha t of the other fuels, the fast decrease in CHxn luminosity suggests tha t 
its low soot emission is due to efficient oxidation of soot, rather than  due to a low 
soot production by itself. In comparison to the other non-oxygenated fuels tested 
here, this suggests th a t chemical structure effects alone may already be im portant for 
soot abatement.
A comparison of commercial diesel with IDEA, which is designed to have very 
similar heat release properties, may yield information about the role of polycyclic 
aromatic hydrocarbons (PAHs) in soot formation. In accordance to regulations, diesel 
contains a maximum of 11%mass PAH (maximum 35%mass aromatics in total). Of 
these PAHs, an undisclosed fraction is larger than  two rings. IDEA, however, contains 
30%mass of 2-ring PAHs by design. Although dQ/dO of IDEA is only marginally higher 
than  th a t of diesel (Fig. 6.7a), its exhaust NO concentration is significantly higher 
(Fig. 6.10b), indicating th a t peak tem peratures may be higher in IDEA combustion. 
Yet, the IDEA soot incandescence signal is much lower than  th a t obtained with regular 
diesel fuel, which indicates tha t IDEA combustion forms less soot during combustion. 
From this it may be argued th a t larger PAHs are much more im portant for soot 
formation than  2-ring PAHs, even if the la tte r’s density is higher (as in IDEA).
O x y g e n -d ep le te d  in le t a ir  (15%  O 2)
Under EGR conditions, the low sooting tendency of CHxnO is even more distinct, as 
depicted in Fig. 6.11b. The data presented there have been recorded with a 24 ¡is 
exposure time. A longer exposure time was used because the quality of some images 
recorded with the previously used 2 ¡is exposure time was poor, especially for CHxnO 
as a fuel. Besides, for the oxygenates at EGR conditions, the light levels are generally 
lower than  for the normal inlet air condition. Yet, for TPGM E, RME, and CHxn the 
luminosity is slightly underestim ated, as in some images a small number of pixels was 
overexposed. Again, a higher combustion tem perature is expected for CHxnO, judging 
from its rate of heat release and the exhaust-gas NO^ concentration (2 0  ppm rather 
than  around 10 ppm for other fuels). Note, however, th a t EGR increases the ignition 
delay even more, so th a t when the soot incandescence shows up for CHxnO, the 
fuel injection is already over and spray conditions do not hold anymore. Therefore, it 
cannot be concluded directly from the higher tem perature of combustion th a t the soot 
tem perature is higher for CHxnO as well. Still, because the incandescence of CHxnO 
is tha t much lower in comparison to the other fuels, our measurements suggest tha t 
CHxnO increasingly suppresses soot formation with decreasing oxygen concentration,
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Figure 6.11: Heat release rates and soot incandescence for oxygenated fuels and CHxn 
at EGR conditions. (dSoD indicated). Shaded grey area represents standard error of phase 
averaging, ‘+ ’ indicates the end of injection of the respective fuel.
in line with the exhaust gas measurements reported by Boot et al. [46].
At the 15% oxygen condition, it is hard to draw conclusions on CHxn in comparison 
to the other fuels, mainly due to the fact th a t the luminosity only shows up after the 
injection is already over. Again, the tem perature effect on the luminosity is expected 
to be appreciable, but its evaluation is complicated for CHxn, as the injection is 
already over when its luminosity is around the maximum.
JM E shows a slightly lower incandescence than  RME. This might be a ttributed  
to the higher ignition delay of JM E and the reader is advised against ascribing the 
lower incandescence to molecular structure effects on soot formation.
6.5 C onclusions
The sooting and chemiluminescence behaviour of bio-derived, oxygenated and vari­
ous reference fuels is studied in an optically accessible heavy-duty diesel engine by 
high-speed imaging, chemiluminescence spectroscopy and thermodynamical charac­
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terisation techniques, applying standard inlet air (containing 2 1 % O2). The sooting 
behaviour has also been studied under cooled-EGR-like conditions (15% O2 in the 
inlet air). Ignition delays have been determined on the basis of first appearance of 
OH* chemiluminescence, CH* chemiluminescence, soot incandescence, and the heat 
release rate. Soot incandescence images are recorded every 0.3° CA. Since the incan­
descence intensity is estim ated to scale with a large power of the tem perature (T 13 
for our experimental conditions) we have used measured exhaust NO concentrations 
as indicator of peak combustion tem peratures.
Jatropha oil combustion behaves markedly different from the other fuels, in tha t 
soot forms leeward of the liquid spray, whereas for most other fuels soot is first ob­
served further downstream near the spray tips. From the combined luminosity and 
NO data it may be concluded th a t the cyclic additives cyclohexane and especially 
cyclohexanone are more efficient in soot abatem ent than  the other fuels tested. For 
cyclohexanone, this behaviour is even more pronounced under EGR-like conditions. 
These two cyclic fuels are also more efficient in reducing soot emissions than  esterified 
fuels like JM E and RME, in line with literature ([104] and references therein). On 
the basis of our results, we attribu te  the low smoke emissions measured in Ref. [46] 
under EGR conditions to reduced soot formation during combustion, rather than  to 
improved burnout of soot formed in the initial diffusion flame.
Comparison of the results for IDEA and diesel indicates th a t 2-ring PAHs are 
less im portant for the fuel sooting propensity than  larger PAHs. Under normal inlet 
air conditions, combustion of esterified Jatropha (JME) produces more soot than 
combustion of Jatropha oil itself.
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6.7 A ppendix: Supplem entary m aterial
Supplementary m aterial associated with this article, presenting common-rail pressure 
transients, fuel molecular structures, camera UV sensitivity and high-speed image 
sequences and movies, can be found in the online version.
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CHAPTER 7
Flame lif t-o ff length and soot production o f oxygenated fuels in 
relation with ignition delay in a DI heavy-duty diesel engine
adapted from: A. J. Donkerbroek, M. D. Boot, C. C. M Luijten, N. J. Dam, and J. J. ter 
Meulen, submitted to Combust. Flame
A bstract
The relation between ignition delay and flame lift-off length (based on OH* chemi­
luminescence) has been studied in an optically accessible heavy-duty diesel engine. 
Soot production has been studied as well, using both  exhaust soot data and high­
speed imaging of the in-cylinder natural luminosity. Since the luminosity is estim ated 
to scale with T 13 for our experimental conditions, the local tem perature becomes a 
decisive factor in the interpretation of natural luminosity images. The fuels used 
include regular diesel and blends of various oxygenates (cyclohexanone, anisole, and 
dibutyl maleate) with synthetic diesel, to cover a wide range of cetane numbers and 
oxygen content.
Based on a literature review, we hypothesize th a t the flame speed only determines 
an upper limit for the flame lift-off length (rather than  its exact position). Under 
conditions th a t promote auto-ignition, the lift-off length may be shorter, and is likely 
governed by ignition chemistry.
For the oxygenated fuels, the flame lift-off length is found to increase with ignition 
delay. An inverse correlation is found between the soot luminosity and the oxygen 
ratio at the lift-off length. The anisole-blend does not produce measurable amounts of 
exhaust soot as long as the injection duration is shorter than  the ignition delay. Under 
cooled EGR-like conditions, the ignition delay is so large th a t anisole is considered a 
candidate fuel for soot-free operation of heavy-duty diesel engines up to medium load.
Keywords: Lift-off length, ignition delay, soot luminosity, internal combustion engine, oxygenates
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7.1 Introduction
For more than  a hundred years, engines have been optimised for the available fossil- 
based fuels. Meeting future emission legislation, however, should be reached in a two­
way synergetic approach. In addition to adapting the engine hardware to the existing 
fuel, a fuel could be tailored to the engine. An im portant enabler for such tailored 
fuels in the future is the development of synthetic fuels (XTL =  ‘anything to liquid’). 
Basically, XTL entails the gasification of an arbitrary, preferably renewable, source of 
hydrocarbons into a desired liquid fuel via specialised catalytic routes. This opens the 
possibility to produce a dedicated fuel, on a large scale, tailored specifically for use 
in either conventional combustion engines or in modern concepts such as premixed 
charge compression ignition (PCCI).
This is not to say tha t fossil-based fuels have not improved over the years. For 
example, large investments have been made to cut the aromatic content of diesel fuel. 
Besides lower soot emissions, a result of the reduction in aromatic content is a higher 
Cetane Number (CN). In conventional diesel fuels, a higher CN typically results in 
smoother running of the (diesel) engine and lower soot emissions. It is stressed here 
th a t this reduction in soot is caused by the lower aromatic content. The fact tha t 
fewer aromatics (which are key soot precursors) in the fuel leads to a higher CN is 
a by-product. An increase in CN can either have a positive or negative effect on net 
soot production, depending on how it is realised. This dependency is discussed at 
length in [37].
The dogma, however, of ever increasing requirements for the cetane number (CN) 
has come under pressure in light of amounting interest in premixed charge compres­
sion ignition (PCCI) combustion in diesel engines [133-135]. In PCCI mode, the 
combustion and injection processes do not overlap, thereby avoiding the formation 
of the (jet) diffusion flame responsible for soot and NO^ in the fuel rich core and 
near-stoichiometric periphery, respectively. Instead, a more or less premixed mixture 
is created, which burns volumetrically, thereby largely avoiding fuel rich zones and 
hot pockets. Unfortunately, PCCI, which requires long ignition delays, is extremely 
difficult to achieve in a controlled way with the available high CN diesel fuels, espe­
cially at higher loads. Extreme measures (e.g. reduced compression ratio, or large 
amounts of exhaust gas recirculation) need to be employed in order to counteract the 
high reactivity of the fuel [46, 133-135].
Alternatively, PCCI-like combustion can be achieved with more or less stock engine 
hardware when running on low CN fuels [37]. A lot of research has been performed 
by the authors on low CN fuels, particularly oxygenated (i.e. fuel-bonded oxygen) 
variants. This work, performed both on engines and burners, has recently been sum­
marised in [136]. The results demonstrate th a t near-zero soot and NO^ emissions 
can be achieved with low CN diesel-oxygenate blends. More importantly, both in 
the burner and engine experiments, a clear correlation was found between blend CN 
and soot, with the la tte r decreasing sharply with reduced CN. W ith respect to the 
engine experiments, the low soot production is believed to be linked to an increas­
ing premixed burn fraction for lower CN blends, which exhibit longer ignition delays 
[37, 75, 133-137].
The ignition delay mechanism, however, does not explain the occurrence of the 
same CN-soot trend in (co-flow diffusion) burner experiments [136]. In the utilised
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burners, combustion is continuous, with experiments lasting an average of over 30 
minutes. Any effects of ignition delay are therefore irrelevant as the flame is ignited 
by an external agent such as a m atch or a lighter. A potential mechanism might 
involve the Flame Lift-off Length (FLoL, i.e. the location downstream of the injector 
where the reaction zone stabilises after auto-ignition), which indicates to a large extent 
how much air is entrained upstream  of the diffusion flame [136]. A longer FLoL means 
more air entrainment. Consequently, a lower equivalence ratio is established in the 
je t core, ultim ately leading to the formation of less soot [36, 138].
7.1.1 Im pact o f ignition  behaviour on flame lift-off length
For more than  50 years the widely accepted flame propagation model, first suggested 
by Vanquickenborne and Van Tiggelen [139], assumes th a t at the position of the 
FLoL the turbulent flame propagation velocity is exactly equal and opposite to the 
downstream convective flow velocity. In other words, at given operating conditions, 
the FLoL is governed by flame propagation. This model is based on experiments using 
gaseous fuels on a turbulent jet diffusion burner. Later, Kalghatgi [140] validated this 
model for various gaseous fuels over a wide range of jet diameters and flow velocities. 
It is noteworthy th a t both  studies were conducted under atmospheric conditions. A 
literature review of related research can be found in [141].
Although the propagation model was found to hold for various gaseous fuels under 
atmospheric conditions, recent studies [36, 142-147] suggest tha t, at least for lifted 
turbulent diffusion flames with both  gaseous and liquid fuels under high tem perature 
and /or pressure, auto-ignition behaviour contributes to a large extent to the position 
of the FLoL.
S p ray  co m b u s tio n  in c o n s ta n t v o lu m e  vessels
Pickett and Siebers [36] studied the impact of CN, amongst other fuel and spray 
properties, on FLoL in an optically accessible constant-volume vessel at typical DI 
diesel conditions using OH chemiluminescence imaging. They conclude th a t in general 
fuels with shorter ignition delays tend to have shorter lift-off lengths.
In related work [142], Pickett et al. add th a t the premixed flame speed of large 
hydrocarbon fuels is known not to change significantly with varying CN. Accordingly, 
differences in FLoL appear not only attributable to flame propagation. Further ev­
idence th a t corroborates the importance of auto-ignition behaviour is presented as 
well. The authors studied the timescale for je t mixing from the injector tip  to the 
FLoL for a range of tem peratures. They conclude th a t this timescale collapses to an 
Arrhenius-like expression over a wide range of conditions, akin to th a t which describes 
the ignition delay as a function of the reactants tem perature. Since for larger hydro­
carbons, the flame speed is not likely to significantly depend on molecular structure 
and the number of carbon atoms [148, 149], the correlation between FLoL and ignition 
delay does not stem from a correlation between FLoL and flame speed.
Pauls et al. [143] investigated the relation between auto-ignition behaviour and 
FLoL in a heated high-pressure vessel using OH chemiluminescence. In agreement 
with the work of Pickett et al. [36, 142], the authors report th a t the experiments sug­
gest th a t the FLoL is determined by auto-ignition, but argue th a t flame propagation
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remains im portant to stabilise the flame front.
Pertaining to the mechanism connecting auto-ignition and FLoL, both  Pickett et 
al. [142] and Pauls et al. [143] detected the presence of local auto-ignition events, 
involving small pockets of premixed fuel and air, upstream  of the FLoL, which subse­
quently propagate downstream towards the flame front. Once merged with the flame 
front, a reduction in the FLoL was observed. Moreover, Pickett et al. [142] report the 
presence of formaldehyde (CH2O), a known precursor for first-stage ignition chemistry, 
upstream  of these local ignition kernels.
More recently, Pickett et al. [147] studied this ignition-island mechanism by pulsed 
laser-igniting a diesel fuel je t upstream  of the natural FLoL position. Via this ap­
proach, ignition spots could be artificially created. The formation of such islands 
resulted in an upstream  movement of the FLoL. Only after a significant amount of 
time, far longer than  dictated by the convective downstream velocity, did the FLoL 
move back to its original position.
R ese a rch  c o n d u c te d  on  co-flow  b u rn e rs
Research on FLoL is not limited to automotive-related studies. Gordon et al. [144] 
studied auto-ignition processes involving hydrogen in a (hot) co-flow turbulent dif­
fusion burner. The authors conclude tha t ignition behaviour has a strong influence 
on FLoL. The same conclusion was found in a related study, now using methane, 
performed by Gordon et al. [145]. In both  studies ignition precursors (hydroperoxyl 
radicals (HO2) [144] and CH2O [145]) were detected upstream  of the FLoL. Moreover 
in [145], ignition kernels (identified by OH) were measured upstream  of the FLoL.
Oldenhof et al. [146] reported similar ignition kernels upstream  of the FLoL in a 
co-flow diffusion burner fueled with natural gas, under atmospheric pressure with a 
heated co-flow (max. tem perature of roughly 1500 K). A model, which can predict 
both the random process of kernel formation and growth, was found to be in good 
agreement with the measurements. The authors conclude th a t the mechanism de­
termining the average FLoL is not upstream  propagation of the flame front, but the 
apparently random process of auto-ignition and subsequent growth and downstream 
transport of ignition kernels. W ith a probability model, the observed shortening of 
the FLoL with increasing ambient gas tem perature (also seen in the aforementioned 
constant-volume vessel experiments) can be explained by an enlarged probability of 
auto-ignition.
S u m m a ry  o f l i te r a tu re  s tu d y
Table 7.1 provides a summary of the reviewed literature. In all but the last study 
the authors conclude th a t the FLoL is governed largely by ignition processes rather 
than  by flame propagation. This conclusion appears to hold for a wide range of liquid 
and gaseous fuels irrespective of operating pressure, but is not in agreement with the 
widely accepted flame propagation model [139, 140]. Why this is the case requires 
further investigation, but the applied air/co-flow tem perature might be of significance. 
While in [139, 140] the air was at room tem perature, the air/co-flow tem perature in 
[36, 142-147] was elevated to 750-1500 K. At the former conditions, auto-ignition 
processes are not supported and hence it is improbable th a t auto-ignition behaviour
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Table 7.1: Summation of FLoL literature review. 1Tg refers to gas temperature in vessel, 
2Tg refers to co-flow temperature, CN =  Cetane Number, CVV = Constant Volume Vessel, 
CFB =  Co-Flow (turbulent diffusion) Burner, G =  gas, L =  liquid
Fuel properties Conditions Observation Conclusion
Ref. Setup Phase CN Tg (K) Pg
(bar)
pg
(kg/m 3)
Ignition 
precursors 
upstream  of 
FLoL
Does FLoL 
correlate 
with ignition 
delay?
[36] CVV1 L 42-80 800-1300 7.3-30 Yes, but no
one-to-one
correlation
[142] CVV1 L 43-80 800-1300 7.3-30 CH2O and 
kernels of OH
Yes, but no
one-to-one
correlation
[143] CVV1 L 41-56 800 50 - Kernels of 
OH
Yes
[144] CFB 2 G - 1045 1 - HO2 Yes
[145] CFB 2 G < 0 1355­
1475
1 - CH2O and 
kernels of OH
Yes
[150] CFB 2 G < 0 1600 1 - Kernels of 
OH
Yes
[147] CVV1 L 46 750-900 - 14.8 Kernels of 
OH
Yes
[151] CVV1 L 34-70 900-1000 60-67 2 2 .8 Yes, and not 
with fuel 
volatility
will influence the FLoL. In all likelihood, the FLoL will then be governed by flame 
propagation. At the la tte r conditions, however, tem peratures are high enough to 
facilitate auto-ignition chemistry and indeed it appears from [36, 142-147] th a t this 
chemistry influences the FLoL.
A hypothesis based on the literature review is th a t the prevailing oxidizer tem ­
perature determines whether or not auto-ignition behaviour upstream  of the FLoL 
is im portant with respect to the location of FLoL. Herein, a combination of effects 
is imaginable, with upstream  auto-ignition events driving the ‘nom inal’ FLoL, as de­
termined by flame propagation, closer to the injector. In other words, the balance 
between flame speed and injection velocity determines an upper limit for the FLoL. In 
the event of upstream  ignition events, however, the FLoL will be ‘pulled’ closer to the 
injector orifice and ignition chemistry will, along with flame propagation, determine 
the location of the FLoL.
An analogy can be drawn to knock in spark-ignition engines. The normal mode 
of combustion in spark-ignition engines is flame propagation. In some cases, however, 
the unburnt mixture, downstream of the moving flame front, can heat up (due to 
compression via expansion of the burnt products) to such an extent th a t undesired
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auto-ignition (or knock) occurs. In the event of knock, the propagating flame front 
will be strongly influenced by this auto-ignition process.
7.1.2 O bjective
Although a lot of data on the relationship between FLoL and ignition behaviour can be 
found in literature, the associated experiments have been conducted either on burners 
or in high-pressure vessels. We are aware of only two related engine-based studies, 
which, however, do not explicitly investigate this relationship. Musculus et al. [152] 
presented results which suggest a weak correlation between ignition delay and FLoL. 
The study of Cheng et al. [16] also suggests such a correlation for prim ary reference 
fuel blends, but only early in the stroke. Later in the stroke, the FLoL decreases and 
becomes virtually identical for the blends.
The objective and added value of our present paper is to investigate specifically the 
effects of auto-ignition (represented here by the CN and prevailing ignition delay) on 
both FLoL and soot production in an optically accessible direct-injected (DI) heavy- 
duty diesel engine. Both param eters are measured simultaneously for various oxy­
genated fuels, with equal fuel oxygen content, but with widely varying auto-ignition 
behaviour. An unconventionally low-CN fuel (21) is included to increase the range of 
ignition delays. The results of this study are subsequently compared to those reported 
in the constant volume vessel and burner literature as indicated above [36, 139-147].
7.2 E xperim ent
7.2.1 Fuel selection
The fuels investigated in this study are regular diesel and the oxygenated fuels 
dibutyl maleate (DBM, C i2H20O4), cyclohexanone (CHxnO, C6H10O) and anisole 
(C6H5OCH3). DBM has already been extensively studied by the Sandia combus­
tion group [36, 40, 41, 142], both  with respect to FLoL and soot production. DBM 
was shown to form more soot than  TPGM E, while having the same oxygen content. 
Chemical kinetic simulations indicated tha t the oxygen incorporated in DBM was not 
optimally efficient in reducing soot formation. In a previous work [37], CHxnO, DBM 
and other oxygenates were investigated in a DAF heavy-duty direct-injection diesel 
engine. From oxygenated fuels, it is well-known th a t they lead to lower soot emis­
sions; however, for a given fuel oxygen mass fraction, there are significant differences 
in soot reduction. The results suggest th a t the CN may play an im portant role. More 
specifically, the low CN oxygenate CHxnO, with its cyclic carbon chain, was found to 
perform exceptionally well in terms of soot reduction, compared to the more reactive 
linear oxygenate DBM.
In Ref. [37], it was proposed to produce CHxnO from lignin. Lignin is a polymer of 
phenolic-like molecules, which share the hexagonal carbon skeleton, albeit in aromatic 
rather than  aliphatic bonds, of CHxnO. Consequently, to produce CHxnO from lignin, 
the phenolic-like molecules need to be hydrogenated, a catalytic process which requires 
hydrogen. Anisole, an aromatic oxygenate, has been included in this study in order 
to ascertain the impact of aromaticity on combustion behaviour. In the event anisole 
exhibits a similar or superior combustion behaviour to CHxnO, it might prove to be
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Table 7.2: Fuels used. “in %mass. 6in kg/l. cCetane Number. dlower heating value 
(MJ/kg). eEnthalpy of evaporation at 600 K (kJ/kg) f  Average liquid fuel heat capacity 
(cp) between 343 and 750 K (kJ/kg) gRef. [46]. ^Ref. [40]. *Ref. [153]. j estimation.
Fuel [O f %SD by 
volume
Pb CNC CN
pure
fuel
LHVd H eHevap c f^p
diesel0 0 0 0.83 56.2 56.2 43.9 208.0 3.243
SDg 0 1 0 0 0.778 75 75 43.9 208.0 3.243
DBM 9 73 0.84 62 30^ 38.9 2 1 2 .8 3.026
CHxnO(5%)g 5 74 0.82 58 10j 40.8 213.4 3.339
CHxnO(9%)g 9 50 0.87 43 1 0 j 38.2 217.9 3.418
Anisole 9 45 0.90 21 421 35.4 205.0 2.874
Table 7.3: Specifications and global operating conditions of the measurement cylinder.
engine type six-cylinder four-stroke DI diesel engine
bore, stroke 130 mm, 146 mm
displacement 1.939 t  (per cylinder)
compression ratio 15
piston bowl shape “bath  tu b ” (flat piston window)
0  piston bowl 84 mm
swirl number 1 .8
0  injector, #  holes 0.128 mm, 8
effective boost pressure 0.11 MPa
engine speed 1430 rpm
a more viable alternative to produce from lignin than  CHxnO, since the production 
cost increasing hydrogenation step can be skipped. DBM has been included in the 
m atrix so as to expand the investigated range in CN. DBM and anisole have been 
blended with synthetic diesel (SD) to a fuel oxygen content of 9% by weight. The 
same holds for CHxnO (CHxnO(9%)), but a second blend ratio (i.e. 5% fuel oxygen by 
weight) is also investigated for CHxnO (CHxnO(5%)) as it was found to have similar 
ignition behaviour as the aforementioned DBM blend in previous work [37, 46, 75]. 
Elementary data and some references about the fuels and blends of two fuels used in 
the experiments are given in Table 7.2.
7.2.2 Engine
In Table 7.3, the specifications of the optical six-cylinder heavy-duty diesel engine are 
listed, and Fig. 7.1 shows the layout of the optical setup. The engine is designed for 
laser diagnostic measurements. For th a t reason, some modifications are present th a t 
are not required for the measurements presented here. One of these modifications are 
two slots (12 mm high and 9.5 mm wide, 180° separation) machined in the piston 
crown allowing observation and laser access through both  side windows even at top 
dead centre (TDC). Fuel injection into the measurement cylinder is achieved by a
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exhaust
inlet valve 
valves
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High-speed
camera
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HR308
mirror
Figure 7.1: Schematic representation of the setup. (a) top view, indicating the field of view 
of the high-speed camera, along with a schematic view of the (numbered) sprays. Spray 5 
was blocked. (b) View of the measurement cylinder and the high-speed and ICCD camera.
home-built common-rail (CR) system, providing the possibility to start and end the 
fuel injection at will. Because of previous experiments not addressed here [58], one of 
the eight injector holes (annotated as spray 5) was blocked, as indicated in Fig. 7.1. 
All results presented in this paper pertain to spray 1. To avoid overheating, the non­
lubricated measurement cylinder is skip-fired with a ratio of 1:35 (1:10 when exhaust- 
gas measurements were performed). The engine speed is set at 1430 revolutions per 
minute and separate measurements reveal th a t it is constant to ±2%. W ith respect to 
tem perature, steady-state conditions are mimicked by (pre-)heating the cooling water 
to operational tem peratures of around 65 °C. Unless stated  otherwise, the inlet-air 
tem perature was pre-heated to 40 °C and the effective boost pressure was 1.1 bar.
Two different inlet air compositions have been employed, one containing 2 1 % O2 
(normal air) and one serving as synthetic cooled EGR, containing N2-enriched air 
with only 15.3% O2. The 15.3% O2 dry air was provided by a pack of 16 gas bottles, 
200 bar, 50 litre each (Messer).
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time aTDC (°CA)
Figure 7.2: Typical pressure curve for diesel (left ordinate), normal inlet air, injection 
between -4.5° and 21° aTDC. Indicated mean effective pressure (IMEP): 727.4 kPa. For 
the RoHR curve derived from the pressure curve (right ordinate), the steepest ascent fit to 
determine 0dQ is depicted as a dotted line.
7.2.3 T herm odynam ics
For diesel, the start of fuel delivery (SoD), i.e. the effective start of injection was deter­
mined from high-speed imaging (see Fig. S1 in [75] for a more elaborate description). 
For the other fuels, no high-speed images were available. The SoD was retrieved from 
the rail-pressure trace and the needle-lift. In all cases the SoD occurs about 3.5° after 
triggering the injection system.
The start of combustion was retrieved from the rate of heat release (RoHR) [56], 
derived from the in-cylinder pressure trace. A straight line was fit to the region of 
the steepest ascent during the rapid rise of the RoHR. The timing of the start of the 
RoHR (9dQ) was then determined as th a t time where this straight line intersects the 
time-axis as shown in Fig. 7.2. This m ethod is very insensitive to noise and yields an 
upper limit of 0dQ. The ignition delay (via the heat release) is then determined as 
the difference between 0dQ and the start of fuel delivery (SoD). An example of typical 
pressure traces for diesel, along with the rate of heat release, is depicted in Fig. 7.2. 
All the fuels were injected at 120 MPa.
The pressure in the common rail as a function of time is depicted in Fig. 7.3. 
The pressure fluctuates between 1075 and 1200 bar (i.e. the injection speed varies 
over 6 %), and therefore the injection rate is not exactly a top-hat profile [57], like 
employed in many of the lift-off measurements in a single spray by the Sandia group 
[142, 154]. However, the pressure, and along with it the fuel injection speed, was 
shown to reproduce very well from fuel to fuel (Ref. [75], supplementary material). 
Therefore a comparison of the FLoL between different fuels is not complicated by 
different injection pressures over the course of the injection. For the results presented 
here, all the oxygen-containing blends were injected from 4.5° bTDC to 13° aTDC, 
while diesel was injected from 4.5° bTDC to 21° aTDC.
Temperatures and pressures have been derived from in-cylinder pressure measure­
ments. The tem perature of the in-cylinder air entrained by the spray has been assessed 
both  before the start of combustion and during the combustion. More information
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time aTDC (°CA)
Figure 7.3: Common rail pressure for diesel for an effective injection between -4.5° and 
11.0° aTDC. The fuel injection system was triggered between -8.0° and 4.0° aTDC.
can be found in Chapter 3.
7.2.4 OH chem ilum inescence m easurem ents
It has been shown by Tacke et al. [51] th a t in a lifted, turbulent diffusion flame, near 
stoichiometric combustion occurs at the lift-off length. The high tem peratures at 
this condition give rise to a high concentration of OH, which is partly electronically 
excited (indicated as OH*). Because of its abundance and short lifetime, OH* can 
conveniently be used as a marker of the high tem perature reactions in which it is 
formed, and as such, of the lift-off length.
Two dimensional line-of-sight chemiluminescence measurements of OH were per­
formed using an intensified CCD camera (16 bit dynamic range, Princeton Instru­
ments), equipped with a UV Nikkor f/4.5 lens. This camera can only record 1 image 
per engine cycle. OH emits strongly around 310 nm [155]. To isolate light around 
this wavelength, a WG305 filter, along with a custom filter set (312 nm  bandpass 
and 358 nm short-wave pass, CVI) was used, as advised by Dec and Coy [25]. The 
312 nm bandpass filter transm its between 305 and 321 nm (FWHM) with a maximum 
transmission of 78 %. Although the 358 nm short-wave pass filter blocks the visible 
and infrared soot luminosity very effectively, the light transm itted in the wavelength 
range selected does have a contribution from soot, as shown in earlier experiments 
[75]. The typical gatewidth of 100 i s  averaged out some degree of turbulence and 
spray dynamics. The spatial resolution was typically 0.24 mm/pixel, differing slightly 
from fuel to fuel.
7.2.5 H igh-speed im aging
The combustion process was recorded through the piston window by a high-speed 
camera (Phantom  V7.1, 160 kHz maximum frame rate, 12 bit dynamic range), as 
indicated in Fig. 7.1. Separate tests, using a spectrograph and an oxyacetylene flame 
(O2 +  C2H2) as a bright OH* chemiluminescence source, revealed th a t the spectral
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sensitivity of this camera starts at around 317 nm, so OH* signal cannot be detected 
at high speed.
Unless stated otherwise, an exposure time of 3 i s  has been used. W ithout spectral 
filtering, the camera would then still be overexposed due to the bright soot incandes­
cence. Therefore a filter combination (BG 18 and GG 475 Schott filters, just as in 
the measurements presented in [75]) was used, transm itting roughly between 460 and 
640 nm. This avoided overexposure under all circumstances.
The camera was synchronised to the crankshaft of the engine and operated in 
the memory gate mode: image acquisition was triggered by injector activation and 
enabled for around 8  ms, after which it was halted until the next injection, in order 
to rapidly record multiple injections and use camera memory more efficiently. Images 
were recorded every 0.3° crank angle (CA) (~  35 is ) ,  resulting in around 230 images 
per injection event. A spatial resolution of 0.19 mm per pixel has been obtained. 
In order to determine the reproducibility of the results, at least 10 injections were 
performed for each experimental setting (fuel, engine operating condition).
7.2.6 Soot exhaust m easurem ents
The filter smoke number (FSN) of the measurement cylinder has been determined in 
the exhaust, using an AVL 415S smoke meter. The correlation between the FSN and 
soot (m g/m 3), as given in the manual, has been used together with the indicated mean 
effective pressure (IMEP) to calculate the amount of soot per kWh. The skip-fired 
operation of the engine necessitated a conversion to a continuous operation mode. The 
conversion scales the skip-fired mode result by the skip-fire ratio and an additional 
factor accounting for the fact th a t the sampling occurs non-isokinetically (see Sec. 7.9). 
For normal inlet air, the measured FSN was below the sensitivity limit. Therefore, 
only results for EGR conditions are reported.
7.3 A nalysis o f th e  lift-off length
A typical OH chemiluminescence image in case of DBM as a fuel is shown in Fig. 7.4a. 
As a first step in the analysis, the ICCD camera image was noise filtered by a 3x3 
neighbourhood median filter. All pixel values were corrected first for the background 
intensity mainly due to scattering from the cylinder head. This scatter was relatively 
homogeneous, and therefore the intensity close to the injector in between the liquid 
sprays, where no combustion occurs, was taken as representative of this background 
intensity. The liquid core of the spray, as indicated in Fig. 7.4a, was excluded from 
the analysis. In principle, the FLoL, being defined as the closest position to the in­
jector where significant OH chemiluminescence is observed, could be overestimated 
when chemiluminescence occurs in this excluded area. However, generally the chemi­
luminescence closest to the injector is at the swirlwise side of the liquid core. The 
greyscale in the image is linearly proportional to the square root of the pixel values, 
to enhance contrast in low intensity areas. Then, to assess the flame lift-off length, 
the closest distance to the injector was determined where the intensity on a single 
pixel basis is above a certain threshold value. In this sense, the m ethod described 
by Higgins and Siebers [115] is followed here. The analysis was restricted to a cone
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Figure 7.4: (a) Typical OH chemiluminescence image for DBM as a fuel. The intensity 
is linear in the square root of the pixel value, to enhance contrast at low intensity, i.e. for 
the liquid spray. The area spanned by the wide cone is the area of analysis. The narrow 
cone around the liquid spray indicates the area excluded from the analysis. (b). Maximum 
intensity vs. radial distance from the injector. The FLoL is indicated by the grey dotted 
line and the black dot.
around the spray axis, slightly rotated in swirlwise direction, as shown in Fig. 7.4a. 
The threshold was set to a certain percentage of the maximum pixel value occurring 
in the cone of analysis. In Fig. 7.4b, the maximum pixel value vs. the radial distance 
from the injector for the image in Fig. 7.4a is depicted. Clearly at a certain distance, 
the intensity rises steeply. This makes the FLoL relatively insensitive to the precise 
value of the threshold. This dependence over a reasonable range of variations of the 
threshold (between 10 and 35% of the maximum intensity) was generally weaker than 
the variations in FLoL between single injection events. In the present paper, the 
threshold is set at 25% of the maximum. The data points depicted for the FLoL in 
the remainder of this paper represent an average over typically five injections.
Analogous to the OH-chemiluminescence based FLoL, the soot lift-off length 
(SLoL) will be defined here as the position closest to the injector where significant 
soot luminosity is observed. In Fig. 7.5 a typical image measured by the high-speed 
camera is shown. The liquid core (pencil-like shape) was excluded from the analysis, 
The high-speed images were further treated like those of the ICCD camera (OH*).
7.3.1 Tem perature and density  scaling law of FLoL
Since our aim is to compare FLoL data for different fuels, the measurements must be 
converted to a common set of reference conditions for the in-cylinder air (density and 
tem perature). In an isolated spray (using a diesel fuel), the effect of tem perature and
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Figure 7.5: Typical high-speed camera snapshot for DBM as a fuel. The big cone, ranging 
from the injector to the edge indicates the area of analysis, the pencil-like cone the area 
excluded from the analysis, to avoid taking into account scattering from liquid fuel. The 
center of the ’+ ’ indicates the soot lift-off location.
density was found by Siebers and Higgins [156] to be given by
/ \ -0.85 / T  \  -3.74
F L oL  =  F L oL ' - J  (7.1)
where T  refers to the tem perature and p to the density. Primed and unprim ed quan­
tities refer to reference and actual conditions, respectively. The dependence on tem ­
perature is clearly much larger than  the effect of density. The dependence of FLoL 
on tem perature and density depends slightly on the specific fuel [36], but the exact 
relation is unknown and Eq. 7.1 will be used here.
In an engine, the dependence of the FLoL on tem perature and density is expected 
to be weaker than  in a combustion vessel (Eq. 7.1) [157]. Therefore, the result of 
applying Eq. 7.1 to correct for different in-cylinder conditions from fuel to fuel, con­
stitutes an upper limit for the correction.
7.4 Lum inosity
7.4.1 A nalysis of in tensity
The to tal signal in the cone around a single spray (Fig. 7.5) was taken as the measure 
for soot luminosity. Like with the analysis of the soot lift-off length (SLoL), the 
liquid core (pencil-like shape) was excluded from the analysis, even though the light 
scattered by it will largely have been due to the natural luminosity.
Mueller and M artin [40] excellently discuss the factors th a t have to be taken into 
account when extracting the relative amount of soot from the natural luminosity. 
We here cover only the factors tha t are specific to our case, and different from their 
situation.
T e m p e ra tu re
The tem perature of the radiating soot is of param ount importance in the analysis, 
since it heavily impacts the luminosity, as will be discussed now. The luminosity 
detected as a function of tem perature depends on the blackbody spectral emissive
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power, the soot particle spectral emittance (Rayleigh regime), the spectral transm it­
tance of the optical filters and the spectral sensitivity of the camera (see Ref. [40] for 
more details). Combining all these factors, the dependence of the to tal luminosity S  
on tem perature T  in our setup is approximated by S  ^  T 13 for the range between 
1800 and 2700 K (T 11 was found in Ref. [40]). Thus, only the hottest soot is observed, 
which is expected to be present at the rich side of the diffusion flame enveloping the 
reacting spray. This soot is expected to have a tem perature of around 2350 K [40], 
based on the adiabatic flame tem perature lowered by 300 K as estim ated by Mueller 
and M artin [40]. For the EGR-like condition with inlet air containing only 15.3% O2, 
it is expected to be around 1950 K.
Under otherwise similar conditions, there might be differences in the adiabatic 
flame tem perature between the various fuels, affecting the luminosity of the radiating 
soot. Nabi et al. [158] suggest, however, th a t these differences will be small, as the 
lower heat content of oxygenates is basically balanced by the lower stoichiometric air- 
fuel ratio. Also Mueller and M artin [40] show by simulation tha t for their three fuels 
tested (two oxygenates and one non-oxygenate), the adiabatic flame tem perature for 
all fuels is virtually the same, over a wide range of equivalence ra tio ’s. We have also 
estim ated differences in adiabatic flame tem perature. The enthalpy of evaporation, 
fuel heat constants and energy released per fuel molecule were taken from the D IPPR  
database [159]. Diesel was described as C 17H36 [160, 161]. Differences were below 
10 K and are not accounted for.
Although hardly dependent on the specific type of fuel, the adiabatic flame tem ­
perature does depend on the in-cylinder air tem perature. At a fixed crank angle, 
the in-cylinder air tem perature is influenced by the intake air tem perature and the 
accumulated amount of heat released. The m ethod to calculate the in-cylinder air 
tem perature has been described in section 7.2.2. The accumulated RoHR did not 
vary a lot over the fuels and therefore, the in-cylinder air tem perature was virtually 
the same for all the fuels during the combustion, except from CHxnO(9%). For this 
fuel, the intake air tem perature was (inadvertently) 20 K higher than  for all the other 
fuels. This results in an in-cylinder averaged tem perature at TDC of 883 K rather 
than  840 K.
Differences in the in-cylinder air tem perature influence the adiabatic flame tem per­
ature and therefore the tem perature of the glowing soot. In order to extract a better 
measure for the amount of soot formed from the ‘raw ’ luminosity data, differences 
in tem perature of the soot have been taken into account in graphs of the integrated 
luminosity as a function of time (using the T 13 scaling law). From now on, the term  
‘luminosity’ is actually used for the to tal luminosity corrected for the tem perature 
effect.
The soot results presented hold under the assumption th a t the (tem perature- 
corrected) luminosity is a measure for the amount of soot in the spray, for the following 
two reasons. There are two points backing this assumption. First, notw ithstanding the 
fact th a t it is reported the results do not hold in general, two articles [40, 41] suggest 
th a t the integrated luminosity correlates with amount of soot formed. Second, as will 
be shown later, the luminosity correlates with the amount of soot in the exhaust for 
EGR conditions.
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O p tic a l th ic k n e ss
Soot opacity may result in trapping of part of the luminosity. Musculus et al. [152] 
have shown th a t for surrogate diesel, the line of sight integrated optical density, per­
pendicular to the spray axis, can be 1 .6 , corresponding to a transmission of only 
20%. They used a HeNe laser (632.8 nm) as a radiation source. Thus, the recorded 
luminosities should be interpreted as lower limits for the actually em itted luminos­
ity. Luminosity trapping is not expected to affect the SLoL-determination (given a 
reasonable amount of symmetry around the spray axis), but it needs to be kept in 
mind if fuels are compared among each other on luminescence properties. Although 
Mueller et al. [41] show tha t in their optical engine, the luminosity scales with the jet 
integrated amount of soot, this relation does not necessarily hold in general. Since 
the recorded luminosity depends very strongly on em itter tem perature, there is no 
obvious general relation between spray opacity and recorded luminosity.
P is to n  w indow  fou ling
For all the fuels, loss in signal was apparent over the full engine run (typically 10 
operating conditions of 1 0  to 2 0  injections each), even though for diesel this effect was 
more significant than  for the other fuels. Therefore, only luminosity data  from the 
first two operating conditions (only the first for diesel) are presented for comparison 
between different fuels. The decrease in luminosity is a ttributed  mainly to piston 
window fouling and for only a small part to oil deposits on the engine outcoupling 
mirror. Only the piston window fouling is covered here. At normal inlet air conditions, 
the luminosity of diesel has been averaged over only the first three injection events 
since the measurements clearly suffered from piston window fouling. This was derived 
from the fact th a t the luminosity dropped by roughly 35% over the 20 injection events 
recorded for the operating condition applied as first. For the other fuels, no significant 
loss in signal was observed over the course of one operating condition (of around 2 0  
injection events) and all the injection events were used. For the normal inlet air 
condition, the injection duration of the oxygenates was shorter than  for diesel. Thus, 
the significant piston window fouling for diesel during one operating condition does not 
suggest th a t the oxygenates form less soot than  diesel and /o r have a better oxidation, 
as a longer injection duration causes higher soot emissions.
7.5 R esu lts and D iscussion
The Results and Discussion section is divided into two main parts, according to the 
inlet-air conditions. First, the normal inlet air conditions will be addressed, then 
the EGR-like conditions. We choose to compare different fuels at identical moments 
after their respective start of combustion (time after start of RoHR, or ‘time aSodQ 
(°CA)’), since this time indicates the period elapsed after the burning spray started to 
develop. For all fuels, and both  for EGR (Fig. 7.13a) and normal inlet air (Fig. 7.6a), 
the FLoL decreases with advancing combustion, as has been observed in other engine 
studies [16, 162, 163].
This decrease over time can at least be partly explained by the rising in-cylinder 
air tem perature and density due to combustion. Especially a rise in tem perature is
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time aSodQ (°CA)
time aTDC (°CA)
Figure 7.6: (a) FLoL for normal inlet air vs. time aSodQ(°CA). The trend lines for the 
different fuels are annotated with the numbers indicated in the legend. For anisole, a trend 
line shaped as generally observed is assumed. (b) FLoL from a) corrected for differences in 
in-cylinder air conditions. The conditions applying to the data point for diesel, indicated by 
the arrow in a), have been taken as reference conditions and are indicated. (c) Corresponding 
RoHR for the fuels (long injection duration for diesel). Note the different horizontal scale 
in comparison to a) and b).
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Table 7.4: IMEP and fuel conversion efficiency. “ratio of IMEP and injected amount of 
energy, normalised to performance of diesel. For the injected energy or mass, the injection 
velocity according to Bernouilli (1/p0/U5el) has been taken into account.
Normal inlet air EGR
Fuel IMEP (bar) effeciency“ IMEP (bar) effeciency“
diesel 5.10 1 4.66 1
DBM 4.62 1 .0 2 4.66 1 .1 2
CHxnO(5%) 4.94 1.05 5.12 1.19
CHxnO(9%) 4.70 1.03 4.68 1.13
anisole 4.63 1.08 4.19 1.07
known to significantly decrease the FLoL in an isolated spray in a combustion vessel, 
as reported by Siebers and Higgins [156] (Eq. 7.1). A steady-state lift-off length is not 
readily established, similar to the result shown by Idicheria and Pickett [163] for the 
21% O2 condition. Another contribution to the decrease in FLoL over the injection 
event might be an increase of the vapour phase spray angle. Such a behaviour has been 
observed for spray development in a constant-volume high-pressure high-tem perature 
environment [90], and is associated with enhanced air entrainm ent [57].
7.5.1 N orm al in let air
F la m e  lift-o ff le n g th  a n d  ig n itio n  de lay
Because of the moving piston, the in-cylinder air conditions change with ignition 
delay. W hen investigating the relation between fuel-specific ignition delay and fuel- 
specific FLoL, both the ignition delay and the FLoL should be scaled to a common 
set of reference in-cylinder air conditions. Figure 7.6a presents the flame lift-off length 
(derived from OH*) for normal inlet air, as a function of Qq . The result of scaling, 
using Eq. 7.1, is shown in Fig. 7.6b. As reference condition, the in-cylinder air tem ­
perature and density for diesel fuel at 3.6° aSodQ have been taken (indicated by the 
arrow in Fig. 7.6a). The RoHR for the fuels concerned is shown in Fig. 7.6c. The 
combustion timing of diesel is virtually the same as for CHxnO(5%) and DBM, al­
though the RoHR is somewhat higher, due to its larger energy content. CHxnO(9%) 
ignites slightly later and its RoHR is smaller than  for the other fuels. Anisole has a 
much larger ignition delay than  all the other fuels and ignites when the in-cylinder air 
tem perature and density decrease significantly due to the downward piston motion. 
The IM EP and (relative) fuel conversion efficiency is indicated in Tab. 7.4. At the 
moment, not all the reasons behind the differences between the fuels are understood 
and more research is required.
The lower in-cylinder air tem perature and density during the combustion are the 
reasons for the big effect of scaling on the FLoL of anisole. It must be mentioned 
th a t ignition is the result of a time history of tem perature and density. This is 
another reason th a t the scaling constitutes an upper limit and the FLoL of anisole 
is likely to be larger than  the FLoL of diesel and CHxnO(9%). The scaling does not 
capture all effects, otherwise the curves should be flat. The main effect not captured is
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Figure 7.7: FLoL (closed) and scaled (open) FLoL vs. ignition delay for the oxygentates, 
both inlet air conditions. Red for normal inlet air, black for EGR. Trend lines for the 
scaled data are indicated, thick red for normal inlet air, thin black for EGR. The fuel asso­
ciated with each set of two data points is indicated. 1:CHxnO(5%), 2:DBM, 3:CHxnO(9%), 
4:anisole. The arrow with anisole indicates that the scaled ID is slightly smaller by an 
unknown number.
probably the diffusion flame th a t needs time to establish, as can be seen in an article 
by Idicherica and Pickett [163]. In a constant-volume combustion vessel where density 
and tem perature hardly change due to combustion, the FLoL is shown to decrease 
fast up to shortly after the end of the premixed burn. Another effect could be an 
increasing vapour spray angle over time, not accounted for by the scaling procedure. 
The scaling only captures the effect of changing tem perature and density when the 
diffusion flame is in place and the trend lines indicate th a t the FLoL curve becomes 
flat long after SodQ.
Also the ignition delay is affected by the density and tem perature of the in-cylinder 
air. Only anisole ignites at considerably lower density and tem perature than  the other 
fuelsa, because of its large ignition delay. Therefore, for a common set of in-cylinder 
air conditions, the difference between the ignition delay for anisole and the other 
fuels would be slightly smaller. The ignition delay for CHxnO(9%) at an inlet air 
tem perature of 40 °C (taken as scaled ID) was experimentally determined to be much 
larger than  at 60 °C. The scaled and unscaled FLoL (at 4° aSodQ, both EGR and 
normal inlet air) are depicted in Fig. 7.7 vs. the ignition delayb. Only for anisole the 
scaled and unscaled FLoL differ considerably. The FLoL at similar conditions as the 
diesel reference point (i.e. applying a scaling pertaining to our engine rather than  to 
a single spray in a combustion vessel) would be somewhere in between the scaled and 
unscaled FLoL. The FLoL for DBM and CHxnO(5%) overlap within experimental
aDifferences in in-cylinder air flow are not considered here.
bDifferences in density between fuels give rise to different injection velocities (Bernouilli’s equa­
tion) and proportional differences in the FLoL [156]. The differences in density are small, however 
(see Tab. 7.2), and the effect on injection velocity is not corrected for.
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accuracy.
Judging the trend lines through the scaled data  for both inlet air conditions, it 
may be concluded from Fig. 7.7 tha t the flame lift-off length increases with ignition 
delay for the oxygenates, even though there is no one-to-one relation. For diesel the 
FLoL is relatively high. The results presented here are in line with the work of Pickett 
et al. on a single spray [36, 142], who show th a t fuels with a shorter ignition delay 
do generally exhibit shorter lift-off lengths, with some exceptions. Also the engine 
measurements of Musculus et al. [152] suggest a weak correlation between the FLoL 
and the ignition delay for the oxygenates they tested, as mentioned already in the 
introduction.
Note th a t the higher cetane number fuels diesel, DBM and CHxnO(5%) have a 
comparable ignition delay (Fig. 7.7), in correspondence with their cetane numbers. 
The lowest CN fuels exhibit the largest ignition delay.
L u m in o sity
Figure 7.8 shows an example of the typical development of the soot luminosity as 
recorded by the high-speed camera within one injection event, using DBM as a fuel. 
High-speed movies can be found in the supplementary m aterial provided at the website 
given in section 7.7. The numbers at the upper left indicate the time (°CA) elapsed 
after SoD. The numbers at the middle right denote the greyscale lower (black) and 
upper (white) limit. At first, soot appears mainly at the downswirl side of the spray. 
Then the luminosity increases in intensity and progresses upstream. A few °CA after 
the appearance of the first soot, large clouds of soot th a t have been bounced back from 
the piston bowl show up, labelled ‘b ’. These clouds of soot (and other recirculating 
combustion gases) progress upstream, obscuring the ‘bowl’ soot.
Figure 7.9 shows typical soot luminosity images for the various fuels at around 
8.2° aSodQ. At th a t time, the early soot structure is well developed. For all fuels, 
some soot is visible in the recirculation zone, just as in Fig. 7.8. The diesel soot 
plume starts relatively close to the injector, as will also be shown below by the SLoL 
analysis. For anisole, the dwell between SodQ and the first soot is longer than  for 
the other fuels and the soot forms only far downstream (labelled ‘s ’ at spray 1 ) and is 
quickly blurred by the bounced soot cloud. It must be mentioned th a t the intensity 
of these single shot images is not representative for the average luminosity.
Figure 7.10 shows the luminosity as a function of time. The grey bands around the 
curves represent the standard error, derived from the different injection events. The 
large error bar for diesel is due to the fact th a t the luminosity was only averaged over 
the first three injection events, before window fouling appeared significant. The other 
curves are averaged over 10 to 20 individual injections. Only for the CHxnO(9%) 
blend, the in-cylinder air tem perature differs significantly from the other fuels; it was 
calculated to be 43 K higher due to the increased inlet air tem perature. The effect of 
this increased tem perature on the adiabatic flame tem perature was estim ated using 
a homogeneous reactor simulation (extensive LLNL PR F mechanism [80]) with an 
equivalence ratio of one, as described in [58]. The adiabatic flame tem perature was 
calculated to be 22 K higher for CHxnO(9%) compared to the other fuels, giving rise 
to 13% more luminosity. This effect has been corrected for. Moreover, the curves 
have been scaled by the indicated mean effective pressure (IMEP), since eventually
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Figure 7.8: Typical sequence of snapshots taken by the high-speed camera within one 
injection event, for DBM, normal inlet air conditions. See text for details.
the amount of soot per kW h is of importance. For diesel, which had a longer injection 
duration, the measured IM EP for an injection duration equally long as the other 
fuels was taken. The assumption throughout the article is tha t the initial part of 
combustion does not change with injection duration, since the skip-firing prevents the 
engine from heating up considerably due to combustion.
The curves for DBM and CHxnO(5%) virtually overlap, at least until the end of 
the injection. For CHxnO(9%) it clearly takes longer for soot to appear. Around the 
end of injection, the luminosity increases in time but is still well below the luminosity 
of DBM and CHxnO(5%). Diesel shows the highest luminosity. The interpretation of 
these observations will be discussed next.
R e la tio n  b e tw ee n  oxygen  ra tio  a t  th e  FL oL  a n d  lu m in o s ity
The production of soot is possibly affected by a lot of factors, such as the ignition 
delay, the chemical composition of the fuel, the fuel oxygen content, the in-cylinder 
air tem perature and density, and the FLoL. Therefore, when studying the effect of 
one of these parameters on the soot production, also the effect of changes in the other 
param eters needs to be considered.
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time aSodQ (°aTDC)
Figure 7.10: Luminosity vs. time for different fuels, normal inlet air conditions. The ‘+ ’ 
signs superimposed on the curves mark the end of injection of the respective fuel
The FLoL is an interesting quantity to investigate in relation to soot formation, 
since it is closely related to the amount of air entrained upstream  of the closest location 
of combustion to the injector. As a m atter of fact, the oxygen ratio Q (as introduced 
by Mueller et al. [41]) at the FLoL, Q(FLoL), will be related to the luminosity, 
rather than  the FLoL itself. The oxygen ratio basically describes the to tal amount 
of oxygen available in the fuel-air mixture, divided by the amount of oxygen required 
for stoichiometric combustion. It accounts for both  the fuel-bound oxygen and the 
oxygen in the entrained air. The oxygen ratio is related to the fuel equivalence ratio
Chapter 7: Flame lift-off length and soot production of oxygenated fuels in relation
112 with ignition delay in a DI heavy-duty diesel engine
Table 7.5: FLoL, scaled FLoL, luminosity at 6 ° aSodQ, ignition delay (ID), and the oxygen 
ratio Q, for normal inlet air. See text for details.
Fuel FLoL (mm) scaled 
FLoL (mm)
Luminosity
(a.u.)
ID (°C A ) Qf Q at scaled 
FLoL
CHxnO(5%) 13.4 ±  0.3 12.5 ±  0.3 11 ±  1 5.2 0.0146 0.23 ±  0.01
DBM 13.4 ±  0.7 12.5 ±  0.7 16 ±  1 5.4 0.0289 0.25 ±  0.02
Diesel 16.0 ±  0 .2 16.8 ±  0.3 46 ±  7 5.3 0 0.28 ±  0 .0 1
CHxnO(9%) 16.0 ±  0.3 17.3 ±  0.3 4 ± 1 8.4 ±  0.5 0.0285 0.34 ±  0.01
Anisole 2 0 .8  ±  1 17.3 ±  1 0 1 0 .0 0.0307 0.36 ±  0.02
0  by [41]
Q = Q 1 1 “  Qf 
Q f +  0
(7.2)
where Qf is the oxygen ratio of the fuel, i.e. the amount of oxygen in the fuel relative 
to the amount of oxygen needed for stoichiometric combustion. Thus, for fuels with no 
fuel-bound oxygen, the oxygen ratio is the inverse of the equivalence ratio. Using the 
correlation reported by Naber and Siebers [57], the air (and thus oxygen) entrainment 
for the fuels at the flame lift-off location can be estimated. The spray angle, required 
as an input to the penetration correlation, was determined by Schlieren measurements 
in the Eindhoven high-pressure high-tem perature cell [90], for diesel as a fuel and in­
cylinder air conditions (tem perature 840 K, density 17.4 kg /m 3) typical for our engine.
W hen examining the relation between the soot production and Q at the fuel- 
specific FLoL, again both param eters should be scaled to a common set of reference 
conditions. For the soot production (i.e the T  13-corrected luminosity), this scaling 
comprises two effects. First, with a change in in-cylinder air tem perature and density 
related to the scaling, the soot formation chemistry is influenced. Second, the change 
in FLoL (and Q(FLoL) accordingly) related to the scaling gives rise to a change in 
air entrainment at the lift-off location. Even though it is hard to tell to what extent 
both factors affect the soot production, the direction of the change can be predicted. 
For CHxnO(9%), for instance, the higher in-cylinder air tem perature increases soot 
formation0, more than  the lower density is expected to reduce the formation of soot 
[138]. A larger FLoL relative to the unscaled FLoL increases the amount of air en­
trained by the spray before combustion starts at the lift-off location, thereby reducing 
the soot formation [156]. Thus, both  the change in in-cylinder air tem perature and 
change in FLoL at the scaled condition give rise to a lower estim ated soot formation 
for CHxnO(9%) at the reference condition. This way of reasoning will be used below 
for the other fuels as well.
In Table 7.5 the FLoL, scaled FLoL, the oxygen ratio, and luminosity at 6 ° aSodQ 
(around 2° after the start of the diffusion burn) are given. The FLoL has been 
extracted from the trend lines drawn in Fig. 7.6a. Error estimates are included in the 
table. The uncertainties for anisole and DBM at 6 ° aSodQ are relatively large, since 
the trend lines at this point in time are based on an extrapolation of only two data 
points. Fig. 7.11 shows the luminosity and the scaled FLoL vs. Q at the scaled FLoL.
cIt also enhances soot oxidation.
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Figure 7.11: Luminosity and scaled FLoL vs. Q at the scaled FLoL, normal inlet air 
conditions. Lines to guide the eye are indicated.
For the oxygenates, there is an inverse correlation between Q at the scaled FLoL and 
the luminosity. This correlation is even clearer when the soot production is scaled 
to the common set of reference conditions (not shown).We have not aimed to include 
the effect of differences in IM EP on soot. For equal IMEPs, the correlation might not 
hold. Note tha t the low luminosity for anisole might be partly due to the large extent 
of the premixed phase.
To put the connection between lift-off length and oxygen entrainment into per­
spective, differences in the amount of oxygen entrained by the various fuels at the 
scaled lift-off length are compared to differences in the fuel-bound oxygen content. 
As can be seen by comparing Q and Qf in Table 7.5, only a small part of the oxygen 
content in the fuel air mixture at the lift-off location is fuel-bound oxygen whereas the 
m ajority originates from entrained air. Fig. 7.11 shows th a t for the oxygenates, the 
largest values of Q occur at the largest values of the scaled FLoL, suggesting th a t the 
FLoL is of importance for the amount of oxygen present at the scaled lift-off length. 
The importance of the FLoL can be illustrated by comparing for example DBM and 
CHxnO(9%). Both blends need comparable amounts of oxygen for combustion and are 
assumed to have similar physical spray characteristics, so differences in Q at the FLoL 
are mainly caused by differences in the FLoL itself. The difference is 0.09, around a 
factor of three more than  Q f. Therefore, the variation in oxygen entrainm ent at the 
lift-off location between the individual fuels is expected to significantly contribute to 
variations in the soot formation, even though fuel bound oxygen is probably more 
effective for soot abatem ent than  entrained oxygen [36, 152, 164].
SLoL
Figure 7.12 shows the SLoL for the tested fuels. The data for anisole are not included, 
since for th a t fuel soot is present mainly after the end of injection, when the SLoL 
concept looses its meaning. The reproducibility of the SLoL-data is good, judging 
from the narrow ranges of standard deviations. For all the fuels, the SLoL decreases
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Figure 7.12: SLoL for normal air. The grey bands indicate the standard error from the 
different injection events.
over the course of the injection, just as the FLoL does.
Comparing Figs. 7.10 and 7.12, the SLoL and the peak luminosity appear to 
inversely correlate, as was also observed by Pickett and Siebers [36]. It can be argued 
th a t a longer SLoL implies a lower overall soot production. Net soot destruction 
is believed to start at a fixed oxygen carbon ratio (oxygen both  from air and fuel), 
independent of the specific kind of fuel [36]. Therefore, the more downstream the 
soot is formed, the less time it has to accumulate and grow before net oxidation sets 
in. Hence, all other factors being equal, a larger SLoL would imply a smaller soot 
production, in agreement with the observed inverse correlation between the luminosity 
and SLoL.
CHxnO(9%) clearly has the largest SLoL, in line with its FLoL. The SLoL data 
for CHxnO(5%) virtually overlap those of DBM, as do those of luminosity and FLoL. 
Diesel exhibits the smallest SLoL, in contrast to its FLoL, indicating tha t it has the 
shortest soot inception time, possibly due to a combination of its zero oxygen content 
and non-zero aromatic content. The soot inception time indicates the time it takes 
for soot to form after reactions have begun. According to Dec’s conceptual model 
[24], the position of the first reactions where soot precursors are formed, is close to 
the FLoL, inside the diffusion flame shealth.d We therefore take the FLoL (like in 
Ref. [36]) as a measure for the position of the start of the soot-precursor formation 
and the fuel-penetration time associated with the distance between the FLoL and the 
SLoL as the soot inception time, i.e. the time it takes for a package of fuel to form 
radiating soot particles starting from the precursor reactions6. The soot inception time 
is used here as an indicator of the effect of the chemical composition of the fuel on soot 
formation. Thus, diesel has a small difference between FLoL and SLoL and therefore
dThe exact position depends slightly on operating condition and fuel [72, 165]
eThis fuel penetration time is proportional to the difference of the squared SLoL and the squared 
FLoL [57].
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Table 7.6: Ignition delay ID, the FLoL, and scaled FLoL Q at 4.0° aSodQ, the luminosity 
(addressed in section 7.5.2) at the end of injection, EGR conditions.
Fuel FLoL scaled FLoL 
(mm)
Luminosity 
(a.u.) at end of 
injection
ID (°CA)
DBM 15.2 ±  1 13.9 ±  1 0.13 ±  0.02 6.5
Diesel 22.5 ±  1 21.3 ±  0.5 - 7.7
CHxnO(9%) 22.5 ±  1 22.7 ±  1 0.042 ±  0.008 1 1 .1  ±  1
CHxnO(5%) 18.5 ±  1.2 16.1 ±  1 .2 0.165 ±  0.02 6 .8
its chemical composition is likely prone to soot formation. This corroborates the 
well-known characteristic th a t the soot-enhancing effect of the chemical composition 
(aromatics) outweighs the soot-reducing effect of the relatively large FLoL.
CHxnO(9%) has a lower luminosity than  DBM. The soot inception time is 10 to 
15% larger for CHxnO(9%), considering the difference between the SLoL and FLoL 
(Fig. 7.6a and 7.12). The difference in ignition delay of only 0.3° is not expected 
to make a significant contribution to the difference in luminosity either, since it is a 
short period relative to the diffusion combustion phase of around 10°. Thus, the fuel- 
bound oxygen content being equal, the difference in sooting propensity between both 
fuels may be related to the difference in the FLoL and to the difference in chemical 
composition.
DBM and CHxnO(5%) exhibit the same FLoL and SLoL and also comparable 
luminosity. Thus, the 5% oxygen of CHxnO(5%) seems equally efficient in reducing 
soot formation as the 9% oxygen of DBM.
Anisole combustion results in the lowest luminosity. In fact, (hot) soot only shows 
up around the end of injection. Since anisole contains aromatics, it is quite surprising 
th a t the soot does not show up already closely after the start of combustion and just 
downstream of the FLoL, just like with diesel. A reason might be th a t the in-cylinder 
air tem perature and density during combustion are lower than  for diesel, because of 
the retarded combustion, slowing down the process of soot formation.
7.5.2 Effects of E G R
F la m e  lift-o ff le n g th  a n d  ig n itio n  de lay
Figure 7.13 shows data analogous to those in Fig. 7.6, but for simulated (cooled) 
EGR conditions. These data show more scatter and are less easily interpreted. The 
FLoL of diesel, only recorded early in the combustion stroke, is smaller than  th a t 
of CHxnO(9%) but clearly larger than  th a t of DBM, as can be seen in Fig. 7.13a. 
Unfortunately, the single data point for CHxnO(5%) does not perm it a time-resolved 
comparison with other fuels. Figure 7.13b shows the lift-off length, corrected for 
density and tem perature effects, using the same reference condition as for Fig. 7.6b. 
Trend lines are indicated. In Fig. 7.13c, the RoHR for the different fuels is depicted. 
The values for the ignition delay and representative (scaled) FLoL, extracted from 
Fig. 7.13b are listed in Table 7.6. DBM has both the smallest ignition delay and
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Figure 7.13: (a) FLoL for EGR. For CHxnO(9%), a trend line shaped as generally observed 
is assumed (b) FLoL from a) corrected for differences in in-cylinder air conditions (reference 
conditions are indicated). (c) Corresponding RoHR for the fuels, on a different horizontal 
scale.
lift-off length. The ignition delays of diesel and CHxnO(9%) are comparable, while 
the lift-off length of CHxnO(9%) is larger.
Note tha t for diesel and CHxnO(9%), the FLoL at EGR conditions is larger than 
with normal inlet air, as expected from studies of Siebers et al. [154] and Ito et al. 
[132]. For DBM however, the FLoL at EGR conditions is comparable to th a t at 
normal inlet air conditions, within the measurement uncertainty.
The difference in FLoL between diesel and DBM is larger relative to the 21% O2
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Figure 7.14: Luminosity, scaled by the IMEP of the respective fuels, vs. time for EGR 
inlet air conditions. CHxnO(9%) has been corrected for its higher soot temperature. The 
‘+ ’ signs superimposed on the curves mark the end of injection of the respective fuel.
inlet air condition. The explanation might lie in the fact th a t the incorporated oxygen 
becomes increasingly im portant at EGR conditions. No indications have been found 
in literature, however, th a t the FLoL of oxygenates decreases relative to the FLoL of 
non-oxygenates at EGR conditions.
L u m in o sity  a n d  e x h a u s t  so o t
The luminosity of the oxygenates at EGR conditions as a function of time and scaled 
by the IMEP of the respective fuels, is depicted in Fig. 7.14. Again, the effect of 
the higher inlet air tem perature on the luminosity has been taken into account for 
CHxnO(9%). Anisole is hard to compare with the other fuels, as the soot only shows 
up when the spray has already ceased to exist. The reason for the large standard 
deviation for anisole is probably the large ignition delay, which reduces the coupling 
between injection and combustion. Diesel was not included since we did not have 
information on the degree of window fouling. As can be seen in Table 7.6, CHxnO(9%) 
has a longer FLoL but a lower luminosity than  DBM. Thus, also at EGR conditions, 
the soot reducing capability of CHxnO(9%) may be related to the long FLoL.
The low luminosity of CHxnO(9%) relative to DBM and CHxnO(5%) is more 
pronounced in the EGR case (Fig. 7.14) than  for the normal inlet air case. This 
corresponds to the fact th a t CHxnO(9%) performs increasingly well in reducing the 
exhaust-gas soot concentration with rising EGR levels, as reported by Boot et al. [46]. 
Exhaust gas measurements have also been performed with a longer injection duration 
(i.e. 25.5 °CA); these results are given in Table 7.7. W ith longer injections, the 
relative importance of the premixed combustion phase is reduced. Again, CHxnO(9%) 
shows a lower exhaust soot concentration than  DBM and CHxnO(5%), indicating 
th a t it is not the larger ignition delay th a t is mainly responsible for the low soot 
production. At an inlet air tem perature of 40 °C for CHxnO(9%), the amount of
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Table 7.7: Soot in the exhaust at EGR conditions for two injection durations A I n j
Fuel soot (m g/kW h), soot (m g/kW h),
A £ 5 o A In j =  25.5°
Diesel - 250.1 ±  25
DBM 18 ±  2 1 0 2  ±  10
CHxnO(5%) 25 ±  3 123 ±  12
CHxnO(9%) 6  ±  1 79 ±  8
anisole 0 59 ±  6
oc
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Figure 7.15: Luminosity at the end of injection vs. the amount of soot in the exhaust.
soot in the exhaust would likely be even smaller. This was concluded from separate 
measurements applying a 5° earlier injection timing, where the experiment with 40 °C 
inlet air tem perature produced around two times less soot than  the experiment ran 
at 60 °C. Thus, the low soot concentration of CHxnO(9%) in the exhaust is at least 
partly linked to the long FLoL. The SLoL data cannot be used in the EGR case to 
infer the soot inception time and derive from it some information on the influence of 
the chemical composition. The reason is tha t the soot observed has all been formed 
close to the piston bowl. This indicates tha t the soot is formed further downstream 
than  at normal inlet air conditions, in line with expectation [154].
In Fig. 7.15, the luminosity at the end of injection (from Fig. 7.14) is plotted 
vs. the PM in the exhaust. As indicated by the trend line, the exhaust soot rises 
with luminosity, suggesting th a t for the fuels tested here, the luminosity is a good 
measure for the net amount of soot produced and th a t the oxidation is not drastically 
different. The la tter is a priori not obvious at all, since differences in RoHR might 
involve differences in soot burnout. Even though some other studies also suggest a 
correlation between luminosity and exhaust soot [40], there is no a p rio ri reason for 
such a correlation. In fact, Lapuerta et al. [42] mention in their review article on the 
emissions of biodiesels th a t soot from biodiesels is probably more easily oxidized than 
soot formed by the combustion of regular diesel.
The exhaust gas measurements for the low-CN fuel anisole show that, as long as
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the injection duration is shorter than  the ignition delay, this aromatic-containing fuel 
does not produce any soot. Since at EGR conditions the ignition delay is exceptionally 
long (1.7 ms), anisole might be used even at medium load operation to make diesel 
engines run virtually soot free. Stournas et al. [153] have also shown th a t addition 
of aromatics th a t increase the ignition delay can result in lower soot emissions. For 
the longer injection duration, anisole produces almost an equal amount of soot in 
the exhaust as CHxnO(9%), while the soot-promoting diffusion phase is much shorter 
than  th a t of CHxnO(9%). This clearly indicates the stimulating effect of aromatics on 
soot formation when injection and combustion do partly overlap [166]. More research 
is needed on the combustion behaviour of anisole. The performance with respect to 
NO;u emissions should be studied, for example, since the large ignition delay likely 
boosts NO^ emissions. Also the combustion stability and hydrocarbon emissions, 
amongst others, need to be investigated for anisole.
7.6 C onclusions
The effect of ignition delay on the flame lift-off length and soot production has been 
tested in an optically-accessible heavy-duty DI diesel engine. The fuels tested include 
diesel and blends of oxygenated fuels with a wide range of cetane numbers. Both 
normal inlet air conditions and simulated cooled EGR (15% O2) were applied. The 
in-cylinder soot production was measured with a high-speed camera and for the EGR 
condition, the exhaust-gas soot was measured by a smoke meter. The OH*-based 
flame lift-off length was measured by an intensified CCD camera.
From a literature study of lift-off measurements in different environments and at 
different conditions, the hypothesis here is th a t flame speed determines merely an up­
per limit for the FLoL. W hen the oxidizer tem perature and in-cylinder air density are 
high enough to promote auto-ignition before the fuel reaches the lift-off location, the 
FLoL is likely governed by ignition chemistry. To our knowledge, this is the first paper 
to explicitly investigate the relation between ignition delay and flame lift-off length 
in a diesel engine for a wide range of cetane numbers. Indeed, the ignition chemistry 
seems to play an im portant role in establishing the FLoL, since the flame lift-off length 
increases with ignition delay for the oxygenated fuels, at both inlet air conditions. It is 
suggested th a t the ignition quality of a fuel impacts the soot formation via the FLoL, 
since for the oxygenates, the (total) oxygen ratio at the (scaled) flame lift-off length 
inversely correlates with luminosity at the normal inlet air condition. The soot results 
presented hold under the assumption th a t the (temperature-corrected) luminosity is 
a measure for the amount of soot in the spray. At either inlet air condition, the lower 
luminosity (and exhaust soot at the EGR-like inlet air condition) of CHxnO(9%) com­
pared to the DBM blend with the same oxygen content may be related to the large 
FLoL of CHxnO(9%) and to the fuel’s chemical predisposition to form soot.
Despite its relatively large lift-off length, diesel exhibits the shortest SLoL and 
produces the highest amount of soot. This illustrates the well known importance 
of the chemical composition, in this case the soot enhancing effect of the aromatics 
contained in diesel. Generally, the SLoL and luminosity do inversely correlate.
At EGR conditions, the luminosity seems a good predictor of the amount of ex­
haust soot, even though the soot burnout is potentially different for the fuels. Even
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though the low-CN fuel anisole contains aromatics, it suppresses soot formation due 
to its exceptionally large premixed combustion phase. Besides, the low exhaust soot 
may be linked to the large FLoL. At EGR-like conditions, the ignition delay is so 
large th a t anisole might be a good candidate as a low sooting fuel, even at relatively 
high loads. Further research is needed however, addressing amongst others engine 
performance, NO^ and unburned hydrocarbons in the exhaust.
7.7 Supplem entary m aterial
Supplementary material associated with this article, presenting common-rail pressure 
transients, fuel molecular structures, camera UV sensitivity and high-speed image 
sequences and movies, can be found in the online version.
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7.9 A ppendix: E xhaust soot in skip-fired opera­
tion
To do reliable soot exhaust measurements, the AVL smoke meter needs to integrate 
over at least a few seconds. Thus, the soot concentration in a single cycle cannot be 
resolved. The hot combustion gases have another speed, pressure, and density than  the 
exhaust of a motored cycle. This affects the sampled volume and therefore, one cannot 
simply multiply the amount of soot for the skip-fired mode by the skip-fire ratio. The 
same approach is followed as the approach for the NO exhaust measurements by 
Verbiezen et al. [120]. The exhaust gas of the fired cycles proved to be sampled more 
effectively and the measured soot concentration is given by
r ,] / \ C [soot]actual „s
[SOOt]meas(n m ) —  ^ (7.3)
n m +  Z
with [soot]meas(n m ) the measured soot concentration, [soot]actual(n m) the concentra­
tion th a t would have been obtained applying no skip-firing, n m the number of motored 
cycles in between every single fired cycle and Z the bias factor towards a fired cycle. 
To obtain Z for our experiment, the number of motored cycles was varied for diesel, 
injected from -9.5° until 16° aTDC applying normal inlet air. The experimental result 
and a fit, using Eq. 7.3 with Z and [soot]actual as fit parameters, is given in Fig. 7.16. 
A bias factor (Z) of 4.14 was obtained and we have used this value for all fuels tested 
here. The bias factor is probably smaller for conditions where less energy per injec­
tion event is released, i.e. for the shorter injection duration, since then the exhaust 
gas conditions differ less from these of a motored cycle. The bias factor is not ex­
pected to vary significantly over the different oxygenated fuels of which soot exhaust
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Figure 7.16: The measured and fitted amount of soot in the exhaust as a function of the 
number of motored cycles in between a fired cycle.
measurements have been included, since variations in the heat released between these 
fuels are small. Therefore, even though the absolute soot exhaust value is probably 
overestimated for the 17.5° injection duration measurements, a comparison of soot 
exhaust measurements between different fuels is allowed.
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CHAPTER 8
Summary and outlook
8.1 Sum m ary
Diesel engines are more fuel efficient than  petrol engines and have become increas­
ingly popular in Europe and more recently in the United States as well. Unfortunately, 
diesel engines emit more pollutants like soot and NO^ than  their counterpart. Govern­
ments have put into place legislation as to the maximum allowed mass of individual 
pollutants em itted per driven km. These caps on emission (in Europe called ‘Euro 
norm s’) are being tightened more and more. Because of these caps, car industry has 
felt the urge to spend more money on research and development and to seek collabo­
ration with universities. As an example, the truck engine described in this thesis was 
provided by DAF Trucks. Recently, fuel efficiency has been addressed by legislation 
as well, by putting an emission cap on the CO2 emission per driven km.
Generally, there are two ways of reducing the amount of pollutants emitted. First, 
one can filter them  out from the exhaust gas. This works reasonably well, but the 
smallest soot particles are hard to capture. Unfortunately, these small particulates 
have the biggest adverse health effects since they entrain deep into the body. Several 
studies report these particulates to badly affect the cardiovascular system. Apart from 
transm itting the smallest particulates, the filters increase production cost and reduce 
fuel efficiency by a few percent. As a second method, one can try  to prevent pollutants 
from reaching the exhaust at all. This is extremely hard to achieve, however. For 
example, measures th a t reduce NO^ tend to boost soot and vice versa. Admittedly, 
one can reduce both to acceptable levels relatively easily, but at the expense of fuel 
efficiency. The work presented in this thesis is related to the second approach, while 
retaining fuel efficiency.
A better understanding of the combustion process can be obtained by probing 
combustion param eters and comparing experimental data  to numerical simulations. 
One of the widely used options is to compare global param eters like rate of heat re­
lease and exhaust gas concentrations. A deeper insight into the combustion processes 
is obtained by probing indicators of combustion in the cylinder. In this approach,
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pursued in this thesis, local and time-resolved species concentrations are compared 
to simulations. One of the six cylinders has been made optically accessible, meaning 
th a t this cylinder boasts a number of windows. Two side windows are used to allow 
access of a laser beam and a window mounted in the piston is used for measurements 
of light originating from the combustion.
This approach of comparing measurements with numerical simulations has been 
used in Chapter 4 and 5. Both in the simulations and in the experiment, the model fuel 
n-heptane (C7H 16) was used. The global combustion behaviour of this fuel resembles 
th a t of diesel and the fuel reduces complexity of both measurements and simulations. 
The central technique in these chapters was laser-induced fluorescence (LIF).
F o rm a ld eh y d e  Chapter 4 describes the results on measurements of the concen­
tra tion  of the combustion interm ediate formaldehyde (CH2O) and compares the ex­
perimental results to computations. There is a reasonable correspondence, lending 
credibility to the relatively simple numerical model (homogeneous reactors) to de­
scribe the start of combustion. The characteristic formaldehyde emission spectrum 
was unknown at elevated pressures and tem peratures as prevalent in the cylinder and 
was therefore determined. To this end, a known quantity of formaldehyde was seeded 
(i.e. injected) into the cylinder and subsequently excited by the laser. Since the engine 
was motored, i.e. no fuel was injected, the emission spectrum  was solely due to CH2O. 
These spectra were used to decide what part, if any, of the engine spectra was due to 
formaldehyde. Two laser wavelengths were applied, the first one being the 3rd har­
monic of the Nd:YAG laser at 355 nm, the second one the frequency-doubled output of 
the dye laser around 339 nm. The 3rd harmonic of the Nd:YAG was preferred because 
of its higher power and lower relative non-formaldehyde background. To quantify the 
engine spectra into a concentration, one needs to know the sensitivity of the optical 
system. Again, the seeding measurements were of help, since the concentration of the 
seeded formaldehyde was known. Since the LIF signal is proportional to the laser 
intensity, the laser intensity needs to be determined. The laser power in the spray 
was estim ated by recording the nitrogen Ram an scattering induced by the laser in 
the centre of the cylinder, after traversing the spray. The LIF measurements show 
when and where formaldehyde is formed and consumed and contribute to a better 
understanding of diesel spray combustion in an engine.
F o rm a ld eh y d e  a n d  O H  Chapter 5 reports simultaneous LIF measurements of 
OH and CH2O. Formaldehyde indicates th a t the first stage of the combustion has 
started, the so-called cool flame. OH indicates the second stage of the combustion 
has started. Thus, both  species give complementary information. Measurements have 
been performed with two injection settings, one characteristic of conventional diesel 
spray combustion and one with an early and short injection, such th a t overlap between 
injection and combustion is avoided. For the former, a novel model was introduced. 
The la tter resembles a new combustion mode, called premixed charge compression 
ignition (PCCI). PCCI combustion is a new combustion concept tha t could reduce 
NO-c and soot emissions also at higher loads. This mode has hardly been studied by 
in-cylinder diagnostics and accordingly is far from being well understood. Results of 
both settings have been compared to each other and to simulations. Big differences
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in combustion behaviour are observed between both settings, most probably related 
to the differences in overlap between injection and combustion.
S o o t a n d  flam e lift-o ff le n g th  Chapter 6  reports measurements of soot produc­
tion for a variety of fuels. Fuels used are, amongst others, regular diesel, bio-derived 
fuels, and biofuels. Two fuels were used th a t contain an aromatic ring and were pre­
viously reported to emit low quantities of soot under EGR conditions. These exhaust 
measurements performed in Eindhoven have been supplemented with in-cylinder lu­
minosity measurements, to shed more light on the cause of the low soot emission. 
High-speed movies of the glowing soot were recorded and the amount of light was 
used to derive the relative amount of soot. Since the amount of soot em itted per 
particle depends very critically on tem perature, the (maximum) tem perature needed 
to be estimated. The NOx concentration in the exhaust depends on the in-cylinder air 
tem perature and was taken to scale the luminosity. Especially one of the two aromtic 
fuels, cyclohexanone, containing an oxygen atom, produces little soot at EGR condi­
tions. This low production is probably the combined result of molecular structure and 
the oxygen content of the fuel. Currently, a production route is searched to efficiently 
make the fuel from plant waste. Then, the fuel would be a low-sooting biofuel of 
which the production does not compete with food production.
Soot measurements with a high-speed camera is also the topic of chapter 7. 
These measurements were combined with OH chemiluminescence measurements, 
from which the distance of the hot flame to the injector can be determined (called 
the flame lift-off length, FLoL). The idea in literature is tha t a larger distance 
enhances entrainment of air (i.e. oxygen) with the fuel spray and as such, helps 
reduce soot formation. Based on a literature study, the hypothesis here is th a t 
the auto-ignition behaviour of a fuel influences the flame lift-off length, only if 
tem peratures and pressures as experienced are high enough, like in an engine. We 
have investigated the relation between auto-ignition delay and the flame lift-off length 
in the engine, for different fuels covering a wide range of ignition delays. Indeed, for 
the oxygen-containing fuels, a general correlation is observed between ignition delay 
and FLoL. A correlation between FLoL and soot luminosity is observed as well. The 
conclusion on the reason behind the low soot production by cyclohexanone (Chapter 
6 ) is narrowed down. Probably, it partly boils down to the long ignition delay via 
the long FLoL.
8.2 O utlook
E n g in e  as a  h ig h -p re s su re  h ig h - te m p e ra tu re  cell for c h a ra c te r is a tio n  o f 
fu n d a m e n ta l sp ec tro sc o p ic  b e h a v io u r  o f fo rm a ld e h y d e  The LIF signal of the 
seeded formaldehyde was measured as a function of crank angle, i.e. as a function of 
tem perature and pressurea. The seeding measurements can be used reasonably well 
to derive the LIF yield during combustion, as long as the tem perature and pressure 
during the combustion do not deviate considerably from the conditions of the seeding
aBoth parameters are coupled. They can be varied independently to some extent by changing the 
inlet air temperature and pressure.
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experiment. Yet, it is desirable to have a proper physical understanding of the trend 
(LIF signal as a function of tem perature and pressure) observed, especially when the 
range of tem peratures and pressures would differ significantly from those applied dur­
ing the seeding measurements. Quite some effort was put into trying to describe the 
trend by combining (tem perature dependent) quenching cross-sections of oxygen and 
nitrogenb [167], the absorption cross-section (PGOPHER), the Boltzmann population 
of both the electronic ground state and the excited states, and the number density 
derived from the in-cylinder pressure and tem perature. While the fluorescence signal 
does not depend critically on crank angle (i.e. on tem perature and pressure), the theo­
retical description based on the combination of these individual factors predicts a solid 
increase in signal away from top-dead-centre (TDC), around a factor of three between 
TDC and 50° aTDC. Thus, the experimental trend is clearly not properly understood. 
The m ajor reason is probably th a t the spectroscopic behaviour of formaldehyde at 
high tem peratures has not been reported. This rendered us to extrapolations from 
a low tem perature range, possibly entailing large errors. For example, formaldehyde 
is a polyatomic molecule having six independent vibrational modes th a t could give 
unexpected contributions to absorption at high temperatures.
The lack of knowledge at high tem perature is mainly due to the fact th a t formalde­
hyde is prone to dissociation at elevated tem peratures [168]. Generally, well defined 
concentrations of formaldehyde are hard to establish because of its tendency to poly­
merise and adsorb to walls below 363 K on the one hand and to dissociate above 
600 K on the other hand. Here, the engine could kick in as a high-tem perature high- 
pressure cell where formaldehyde has insufficient time to dissociate, polymerise and 
adsorb onto walls. By direct injection into the cylinder, the formaldehyde does not 
experience tubes to adsorb onto as usually found with cell experiments. Care must 
be taken to optimise the injected quantity of formalin. On the one hand, one should 
inject low amounts of paraformaldehyde to minimise the effects methanol and wa­
ter and of polymerisation and self-quenching of formaldehyde0. By injecting small 
quantities, formaldehyde is always dilute in the gas phase, making condensation and 
polymerisation highly unfavourable [87]. On the other hand, too small a quantity will 
be detrimental to the signal-to-noise ratio.
F o rm a ld eh y d e  a n d  O H , u p s tre a m  p ro p a g a tio n  We observed OH propagate 
towards the injector during the stroke for the PCCI-like injection conditions. It is not 
known whether the dominant mechanism behind this upstream  movement is flame 
propagation or enhanced auto-ignition due to rising tem perature and pressure. Using 
a laser system capable of producing at least two consecutive pulses in a short time 
interval and an accordingly fast camera system (see for example [169]) could help to 
find out what is the dominant mechanism, by comparing the propagation speed of 
the flame (OH) with estim ated turbulent flame speeds. A real PCCI case can be ob­
tained by applying (simulated) EGR. One has to bear in mind, however, th a t the OH 
signal will likely plummet because of the lower tem peratures, possibly complicating 
interpretation of the results with the setup used.
bThe values of the quenching constants in Fig. 5 as derived from Fig. 4 seem to be open to 
discussion.
cThe effect of injection quantity on absorption and decay time can be tested.
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O H  q u a n tif ic a tio n  A sensible way of testing reaction mechanisms at high pressure 
would be to measure concentrations of species in a well-defined homogeneous mixture 
of fuel and air, like with the homogeneous fuel air rector simulations. Possible envi­
ronments would be a shock tube or an HCCI engine. Analogous to the quantification 
of the CH2O LIF signal, one could pursue to quantify the OH LIF signal. To th a t 
end, the sensitivity of the detection system for OH could be determined by measuring 
the LIF signal obtained from a known OH concentration at specified conditions, for 
example in a high-pressure high-tem perature cell where OH is formed via therm al 
dissociation [170].
P la n a r  la se r- in d u ce d  in can d escen ce  As mentioned already, the soot luminosity 
depends very critically on tem perature. A better measure of the amount of soot would 
be obtained by applying planar laser-induced incandescence [126]. Ideally with this 
technique, the particles are heated up to the same tem perature (typically 4-103 K, 
well above the combustion tem perature) and therefore, the amount of light detected 
reflects the amount of soot. Alternatively, one could measure the transmission of a 
laser beam to get an idea of the amount of soot formed along a line. The high-speed 
movies would, if combined with either of these techniques, serve as spatially resolved 
information on sooting behaviour of the fuel.
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Abbreviations and symbols
A b b re v ia tio n s
CA crank angle
(I)CCD (intensified charge-coupled device
CN cetane number
EHPC Eindhoven high-tem perature high-pressure cell
EGR exhaust gas recirculation
FLoL flame lift-off length
FOV field of view
FSN filter smoke number
FWHM full width half maximum
HCCI homogeneous charge compression ignition
ID ignition delay
IMEP indicated mean effective pressure
LIF laser-induced fluorescence
PAH polyaromatic hydrocarbon
PCCI premixed charge compression ignition
PPC FF partially premixed counterflow flame
PM particulate m atter
RET rotational energy transfer
RoHR rate of heat release
SLoL soot lift-off length
(a)SodQ (after) start of rate of heat release
(a)TDC (after) top dead centre
VET vibrational energy transfer
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S y m b o ls
P pressure
T tem perature
$dQ timing of start of rate of heat release
equivalence ratio
n oxygen ratio
Q f oxygen ratio of the fuel
p density (kg/m 3)
Abbreviations and symbols
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Samenvatting
Verbranding in een  optische diesel m otor  
bestudeerd  m et d iagnostiek  gebaseerd op licht
Dieselmotoren zijn efficiënter dan benzinemotoren en zijn de laatste tien jaar steeds 
populairder geworden in Europa. Recentelijk ook in de Verenigde Staten trouwens, 
mede door de gestegen brandstofprijzen. Helaas stoten dieselmotoren meer u itlaa t­
gassen als roet en NOx (voornamelijk NO en NO2) uit. Overheden hebben richtlijnen 
opgesteld voor maximaal toegestane hoeveelheid uitgestoten massa van die vervuilers 
per km, in Europa gevat in zogenaamde steeds strenger wordende Euronormen. Door 
die normen, die pas begin jaren van de vorige eeuw werden ingesteld, heeft de industrie 
zich genoodzaakt gevoeld om meer geld aan onderzoek en ontwikkeling uit te geven, 
veelal in samenwerking met universiteiten. Zo is de vrachtwagenmotor beschreven in 
dit proefschrift ter beschikking gesteld door DAF Trucks. Recentelijk zijn ook normen 
voor de COx hoeveelheid per km opgesteld.
Er zijn grofweg twee manieren om uitstoot van schadelijke stoffen als roet en NOx 
tegen te gaan. De eerste is het filteren van die stoffen uit de uitlaatgassen. Deze 
methode werkt aardig, m aar de kleinste roetdeeltjes worden m aar moeilijk tegenge­
houden. En deze zijn juist het meest schadelijk voor de gezondheid. Verder verhogen 
deze filters de kostprijs van au to ’s en zorgen ze voor een efficientievermindering van 
een paar procent. Een tweede methode is het voorkomen dat deze stoffen in de u it­
laatgassen terechtkomen. Zoals het noemen van nadelen van de eerste methode al 
suggereert, heeft het werk gepresenteerd in dit proefschrift betrekking op de tweede 
methode. Het reduceren van meerdere vervuilers in het uitlaatgas tegelijkertijd is erg 
moeilijk. Zo blijken maatregelen die NOx vorming te verminderen juist roet te doen 
toenemen. Je kunt ze beiden relatief eenvoudig aanpakken, m aar dan gaat bijv. het 
brandstofverbruik erg omhoog.
Tot nu toe zijn prototype motoren door de industrie vaak ontwikkeld door een 
proces van trial and error. Met de steeds strenger wordende emissienormen wordt 
deze methode echter te tijdrovend en te duur. Beter zou het zijn als men via een 
beter begrip van de verbranding to t een schoner motorontwerp kan komen. Het idee 
is dan om de computer het beste (lees: schoonste) motorontwerp te laten berekenen.
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Zo’n computermodel combineert in een computational fluid dynamics (CFD) pakket 
verschillende submodellen voor o.a. chemie, stroming en (verdampings)gedrag van een 
diesel spray. Dieselverbranding is een extreem complex proces waarin chemie (honder­
den stofjes en vele malen meer reacties), stroming en verdamping van brandstof een 
rol spelen. Als je deze submodellen zonder slimme aanpassingen in een CFD pakket 
zou combineren, dan krijg je onpraktisch lange rekentijden. Numerieke onderzoekers 
proberen dus allerlei manieren te vinden om ze op een slimme manier met elkaar te 
combineren, zonder de werkelijkheid te veel geweld aan te doen. De (sub)modellen 
dienen natuurlijk experimenteel getoetst te worden. Dit kan door bijv. bij een motor 
te kijken naar globale param eters als warmtevrijstelling en uitlaatgassamenstelling. 
Een beter begrip krijg je echter door in de motor te kijken. In de vrachtwagenmo- 
tor zijn aan verschillende kanten ramen gemaakt om in een van de zes cylinders te 
kunnen kijken. Je kunt daardoor locaal en op allerlei tijdstippen tijdens de verbrand­
ing indicatoren van de verbranding proben. De experimentele resultaten kunnen dan 
vergeleken worden met uitkomsten van de computermodellen.
Deze benadering van het vergelijken van metingen met computer simulaties is 
toegepast in hoofdstukken 4 en 5. Hierbij werd zowel bij de simulaties als in het 
experiment de m odelbrandstof n-heptaan (C7H 16 ) gebruikt. Deze brandstof lijkt in 
verbrandingsgedrag behoorlijk op diesel en m aakt zowel meting als berekening minder 
ingewikkeld. De centrale experimentele techniek hier was laser-geinduceerde fluores­
centie (LIF). Bij deze techniek wordt de omgeving waarin men meet, beschenen door 
een laser. Moleculen kunnen een deel van het laserlicht opnemen (molecuul wordt 
geexciteerd) en in een andere kleur weer uitzenden. Elk molecuul kan m aar bepaalde, 
voor het molecuul karakteristieke kleuren, opnemen. M aar verschillende moleculen 
kunnen wel overlap vertonen. Ze kunnen dus deels voor dezelfde kleuren gevoelig 
zijn. Gelukkig zenden moleculen ook voor het betreffende molecuul een specifieke 
combinatie van kleuren uit, ook wel het emissiespectrum genoemd. Als je die combi­
natie van kleuren meet na excitatie, dan weet je dus dat je dat molecuul te pakken 
hebt.
F o rm a ld e h y d e  In hoofdstuk 4 is de concentratie van het stofje formaldehyde 
(CH2O) gemeten m.b.v. LIF. De gemeten en gesimuleerde concentratie kwamen re­
delijk overeen, wat vertrouwen wekt in het gebruik van het relatief simpele com­
putermodel om het begin van de verbranding te beschrijven. Het karakteristieke 
emissiespectrum van formaldehyde bij hoge tem peraturen en drukken zoals die in een 
motor voorkomen, was niet bekend en moest daarom eerst bepaald worden. Hiertoe 
werd een bekende hoeveelheid formaldehyde in de motor geïnjecteerd en vervolgens 
door de laser geexciteerd. Er werd verder geen brandstof ingespoten en er vond dus 
geen verbranding plaats. Het emissiespectrum was daarom geheel toe te schrijven 
aan formaldehyde. Deze ijkmetingen waren nodig om te kijken of het emissiespec- 
trum  karakteristieken had van formaldehyde, en zo ja, welk deel. Het meten van een 
stofje is een, het omrekenen van het signaal naar een concentratie is een volgende stap. 
Hiertoe moet o.a. de gevoeligheid van het meetsysteem bepaald worden. De ijkmetin- 
gen boden wederom uitkomst. Omdat het signaal evenredig is met de laserintensiteit, 
moest die intensiteit ook worden bepaald. Die werd afgeschat met metingen van laser 
verstrooiing aan de lucht nadat de laser de dieselspray had doorkruist. De metingen 
laten verder zien waar formaldehyde gevormd wordt en waar en wanneer het weer
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wordt afgebroken. De metingen dragen zo ook zonder vergelijking met simulaties al 
bij aan een beter begrip van verbranding in een spray. Wel moet worden gezegd dat 
de interpretatie wordt vergemakkelijkt en de conclusies sterker zijn door kennis uit de 
simulaties te gebruiken.
F o rm a ld eh y d e  en  O H  Hoofdstuk 5 presenteert gelijktijdige LIF metingen van OH 
en CH2O. Formaldehyde geeft aan dat het eerste deel van de verbranding bezig is, 
de zogenaamde koude vlam. OH geeft aan dat het tweede deel van de verbranding 
op gang is gekomen. Er zijn metingen gedaan bij twee injectie instellingen, eentje 
die karaktersitiek is voor een conventionele instelling en eentje met vroege inspuit­
ing en een korte inspuitduur. De resultaten van beide situaties zijn vergeleken met 
elkaar en met simulaties. Er blijken grote verschillen te bestaan in verbrandingsgedrag 
tussen beide situaties. Voor de simulaties is een nieuw model van dieselverbranding 
geïintroduceerd. Deze geldt enkel als er een overlap is tussen dieselinjectie en ver­
branding.
R o e tg e d ra g  van  v e rsch illen d e  b ra n d s to ffe n  Hoofdstuk 6 beschrijft metingen 
aan roetproductie van verschillende brandstoffen, waaronder een synthetische diesel 
en verschillende bio- en aanverwante brandstoffen. Onder andere zijn twee brandstof­
fen gebruikt met een cyclische structuur; ze zijn een aromaat. Bij die twee brandstoffen 
hebben Michael Boot en collega’s in Eindhoven laten zien dat ze weinig roet uitstoten 
onder condities waarbij een deel van de uitlaatgassen terug wordt geleid de cylinder 
in. De uitlaatm etingen uit Eindhoven zijn aangevuld met metingen in onze optis­
che motor, zodat gekeken kon worden waar die lage roetuitstoot vandaan komt. Is 
de belangrijkste reden weinig roetvorming of een efficientere oxidatie/afbraak van het 
gevormde roet? Met een hogesnelheidscamera zijn filmpjes gemaakt van het gloeiende 
roet. De hoeveelheid licht is gebruikt om de relatieve hoeveelheid roet af te schat­
ten. Omdat de hoeveelheid licht uitgestraald per roetdeeltje ook zeer sterk afhangt 
van de tem peratuur, moest die tem peratuur voor de verschillende brandstoffen wor­
den afgeschat. Omdat de NOx concentratie in de uitlaatgassen sterk afhangt van 
de (maximum) tem peratuur tijdens de verbranding, is die concentratie gebruikt als 
relatieve m aat voor de tem peratuur. Vooral een van de twee cyclische brandstoffen, 
cyclohexanoon, die een zuurstofatoom bevat, m aakt weinig roet. Deze geringe pro­
ductie is waarschijnlijk een resultaat van zowel molecuulstructuur als van de zuurstof 
die het molecuul bevat. Er wordt nu een efficiente route gezocht om die brandstof van 
plantenresten te makan, zodat het geproduceerd kan worden zonder te concurreren 
met voedselproductie.
R o e tg e d ra g , o n ts te k in g su its te l  en  v la m a fs ta n d  van  v e rsch illen d e  b ra n d s to f ­
fen  Ook hoofdstuk 7 behandelt roetmetingen met de hogesnelheidscamera. Deze 
metingen zijn gedaan in combinatie met metingen aan OH. Via OH kan de afstand 
to t de injector bepaald worden, waar de brandstof begint te branden. Het idee in 
de literatuur is dat een grotere afstand goed is voor de menging van lucht (lees: 
zuurstof) bij de brandstof en zo helpt de roetvorming te reduceren. Roet ontstaat 
namelijk als gevolg van een tekort aan zuurstof. Uit een literatuurstudie hebben 
we de hypothese opgesteld dat het ontstekingsgedrag van een brandstof de vlamafs- 
tand  to t de injector beïnvloedt bij hoge drukken en tem peraturen als in een motor.
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Een groter ontstekingsuitstel heeft een grotere vlam afstand to t gevolg. Wij hebben 
gekeken naar deze invloed, expliciet in een motor, voor verschillende brandstoffen met 
een groot bereik van ontstekingsuitstel. Inderdaad blijkt er voor brandstoffen waarbij 
zuurstof in het molecuul zit, globaal een correlatie te bestaan tussen vlamafstand en 
ontstekingsuitstel. En ook lijkt een grotere vlam afstand te helpen bij het reduceren 
van de roetproductie. De conclusie over de oorzaak van de geringe roetproductie van 
cyclohexanoon uit het vorige hoofdstuk is aangescherpt. Waarschijnlijk levert het 
grotere ontstekingsuitstel via de vlamafstand een belangrijke bijdrage aan de geringe 
roetproductie.
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Dankwoord
Met blijdschap en enige tro ts presenteer ik dit proefschrift, dat nooit to t stand was 
gekomen zonder de hulp van een flink aantal personen. Een makkelijk traject was het 
niet, m aar dat is geloof ik ook niet de bedoeling bij een promotie. Missie geslaagd dus! 
Bovenstaande betekent trouwens niet dat ik niet vaak met plezier heb gewerkt, met 
fijne mensen om me heen. Dit dankwoord richt zich op de mensen die betrokken waren 
bij mijn tweede project, het werk aan de dieselmotor. En dan vrijwel uitsluitend op 
de mensen die werktechnisch veel hebben betekend, het boekje is al dik genoeg. Ik 
heb vooral in de teloorgegane Graalburcht gebivakkeerd, een knus bolwerk dat vooral 
Nederlanders behuiste met af en toe zeer verfrissende buitenlandse inbreng. Een erg 
prettige werkomgeving. De constante factor hier was de andere Arjan. Krijg je weer 
zo’n dankwoord van een A IO ... Al die laatste metingen waren nooit gelukt zonder 
jouw uitstekende technische ondersteuning en kritische onderzoeksgeest. Het was een 
genot met je te mogen samenwerken en je te spreken buiten de werkvloer. Zonder 
de M atlab expertise van Robert had dit boekje er nu nog niet gelegen. Daarnaast 
komt een deel van het werk in dit boekje direct van jouw toetsenbord, dank daarvoor. 
Dat jij de kar bent gaan trekken van hoofdstuk 6 is erg belangrijk geweest voor 
mijn boekje. Kasper, bedankt voor de plezierige en succesvolle inwerkperiode en het 
vertrouwen dat je me daarbij gaf. Erg fijn ook dat je, toen je al vertrokken was, altijd 
klaar stond met hulp en advies. Nico, bedankt voor al je misselijke opmerkingen, 
je bewonderenswaardige expertise in het lab en vooral ook je kritische geest. Je 
wist regelmatig ogenschijnlijk simpele zaken toch weer ingewikkeld te maken, m aar 
gelukkig ook andersom. Dan vergeet ik nog het vertrouwen dat je in me hield, ookal 
liep het begin niet bepaald soepel. Een deel van de text komt van jouw hand (de rode 
kruizen zijn achterwege gelaten). Hans, bedankt voor de constante vinger die je aan 
de pols hield om te voorkomen dat ik me concentreerde op minder belangrijke zaken 
of dingen niet op een rijtje had. Je kritische opmerkingen bij versie n+1 van een 
aantal hoofdstukken waren zeker bevorderlijk voor de kwaliteit van dit werk. James, 
thanks for the nice time we shared in and outside the lab and for your dishes th a t 
made me cry. I ’m happy you continued working on the engine. We hadden ook nog 
het geluk aan het eind van mijn periode twee schone studentes te herbergen. Boukje, 
ik vond het erg leuk en leerzaam je te begeleiden en zou al blij zijn met 1 0 % van 
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